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Abstract 


~ — ^The  strength  and  thermal  shock  behavior  of  hot-pressed  sllicon- 
csrblde/boron-nitride  (SiC-BN)  particulate  composites  were  investigated 
for  compositions  of  0,  8.8,  17.9,  and  27.2  voltime  percent  BN.  Using 
bend  strength.  Young's  modulus  of  elasticity,  density,  and  coefficient 
of  thermal  expansion  data,  the  thermal  stress  resistance  parameters  R, 
R",  and  R'"  were  calculated  and,  for  the  R  parameters,  ccmipared  with 
experimental  values- for  critical  quench  temperatures  (AT). 

Composite  microstructures  were  characterized  by  x-ray  diffraction 
(XRD)  analysis,  density  determinations,  light  microscopy  (LM),  and 
scanning  electron  microscopy  (SEM).  Specimen  microstructures  were 
shorn  to  consist  of  a  SIC  matrix  with  BN  plates  oriented  perpendicular 
Co  the  direction  in  which  the  load  was  applied  during  hot-pressing. 
Young's  moduli  were  determined  to  be  highly  dependent  on  the  BN  con¬ 
tent,  with  values  decreasing  with  Increasing  vol.  Z  BN. 

In  general,  over  the  composition  range  of  0  to  27.2  vol.  Z  BN  and 
Che  temperature  range  of  22°  to  1500°C,  changes  in  the  BN  content 
seemed  to  have  a  minimal  effect  on  the  strength  of  the  SlC-BN  compos¬ 
ites.  However,  a  fine-grained  0  vol.  Z  BN-SIC  specimen  showed  -a  drama¬ 
tic  increase  in  strength  with  increasing  tanperature,  probably  caused 
by  relaxation  of  residual  stresses.  No  distinct  pattern  was  evident 
for  change  in  strength  as  a  function  of  BN  content  at  constant  tempera¬ 
ture,  probably  due  to  the  small  number  of  specimens  considered,  al¬ 
though  the  strength  is  expected  to  decrease  with  increasing  BN  content. 

Water-quench  thermal  shock  tests  showed  that  Increasing  the  BN 
content  increased  the  maximum  change  in  temperature  that  the  composites 


could  survive.  Increasing  Che  BN  content  was  observed  to  Increase  the 
resistance  of  the  composites  to  crack  Initiation  (increase  R  and  R"), 
irtiUe  decreasing  the  resistance  to  crack  propagation  damage  (decrease 
R'").  Grain  size  and  anisotropy  effects  Were  also  considered,  with 
both  Influencing  Che  bend  strength  and  thermal  stress  resistance  param¬ 
eters  to  some  extent. 


Studies  carried  out  on  silicon-carbide/boron-nitride  (SiC-BN)  com¬ 
posites  have  dealt  primarily  with  aerospace  applications.  SiC-BN  com¬ 
posites  have  been  considered  for  use  in  gas  turbine  jet  engines  and  in 
■other  structural  high-temperature  applications.  Hillig  (1)  used  a  BN/ 
Sl/SlC  layer  on  ceramic  shrouds  as  a  blade-tip  seal  and  in  a  stacked 
ring  combustor  as  a  compliant  layer  at  ceramic/ceramic  and  ceramic/metal 
Interfaces.  Compliant  BN/Si/SiC  layers  were  initially  developed  by 
Mehan  et  al.  (2)  for  their  impact  absorption  capabilities  when  applied 
to  Si-SiC  substrates.  These  studies  and  an  investigation  by  Bentsen  et 
al.  (3),  into  the  thermal  diffusivity  anisotropy  of  SiC-BN  composites, 
dealt  with  particulate  composites. 

Investigations  by  Mehan  et  al.  (2)  into  structural  applications  of 
silicon  carbide  ceramic  materials  determined  that  BN/Si/SiC  compliant 
materials  are  effective  in  relieving  localized  high  stresses  and  provid¬ 
ing  Impact  resistance.  Such  compliant  materials,  whi''h  crush  at  a 
threshold  compressive  stress  and  redistribute  the  load  over  a  more  ex¬ 
tensive  bearing  surface,  have  been  found  to  be  capable  of  preventing  im¬ 
pact  damage  either  by  high  velocity  projectiles  or  vibration- induced 
chattering  at  contact  points.  By  varying  the  BN  content  a  balance  could 
be  obtained  between  Impact  and  erosion  resistance  for  specific  applica¬ 
tions.  The  compliant  layers  also  provided  some  degree  of  thermal 


Insulation  for  the  base  materials. 

Hasselman’s  Theory  on  the  Resistance  of  High-E,  Low-E  Brittle  Composites 
to  Failure  by  Thermal  Shock 

Hasselman's  theory  (A)  states  that  the  inclusion  of  a  dispersed 
phase  with  low  Young's  modulus  will  significantly  improve  the  generally 
low  thermal  stress  resistance  of  brittle  materials  (with  high  Young's 
modulus)  for  high-temperature  applications.  In  designing  such  compos¬ 
ites  the  parameters  that  should  be  considered  are  as  follows:  1)  the 
elastic  or  Young's  modulus  (E) ,  2)  the  fracture  stress  (o) ,  3)  the  shape 
and  distribution  of  the  low-E  phase,  4)  the  amount  of  porosity,  5)  the 
dispersed  phase  particle  size,  6)  the  thermal  diffusivity  (a) ,  7)  the 
phases  of  the  component  materials,  8)  the  coefficient  of  thermal  expan¬ 
sion  (a),  and  9)  Poisson's  ratio  (v) .  For  high/low  modulus  composites, 
parameters  1)  through  5)  have  the  greatest  influence  on  thermal  stress 
resistance,  while  parameters  8)  and  9)  have  only  a  minimal  effect. 

For  high- temperature  applications,  brittle  materials  are  highly 
susceptible  to  catastrophic  failure  under  conditions  of  severe  thermal 
shock.  Often  for  high-temperature  structures  or  components,  thermal 
stresses  of  such  severity  will  occur  that  failure  of  even  the  best  ma¬ 
terial  available  cannot  be  avoided.  Thus,  materials  should  be  selected 
which  will  retain  their  geometrical  and  physical  characteristics  to  the 
extent  that  the  material  can  still  function  in  a  satisfactory  manner 
even  after  some  crack  propagation  has  occurred.  By  developing  materials 
with  the  proper  combination  of  properties,  the  magnitude  of  the  thermal 
stress  can  be  reduced  or  the  effect  of  thermal  stress  failure  on  subse¬ 


quent  material  performance  can  be  minimized.  The  role  these  physical 


properties  play  in  determining  the  thermal  stress  failure  of  brittle  ma¬ 
terials  has  been  characterized  by  thermal  stress  resistance  parameters 
(discussed  later).  Materials  with  high  values  of  these  parameters  ex¬ 
hibit  a  high  resistance  to  the  initiation  of  themal  stress  fracture  and 
show  less  of  a  tendency  towards  catastrophic  or  unstable  crack  propaga¬ 
tion.  Unfortunately,  having  a  high  resistance  to  the  initiation  of 
thermal  stress  failure  requires  a  high  value  of  tensile  strength  and  a 
low  value  of  Young's  modulus  of  elasticity,  while  minimizing  the  extent 
of  crack  propagation  requires  a  low  value  of  tensile  strength  with  a 
high  value  of  Young's  modulus.  Thus,  materials  with  high  values  of  the 
thermal  stress  resistance  parameters  characterizing  resistance  to  the 
initiation  of  thermal  stress  fracture  have  low  values  of  the  parameters 
characterizing  resistance  to  crack  propagation,  and  vice  versa. 

Hasselman  states  that  a  solution  to  this  dilemma  is  offered  by  con¬ 
tinuous  matrix-dispersed  phase  composites.  Examples  of  such  composites 
are  as  follows:  1)  carbides  of  silicon,  zirconium  (5),  or  boron  con¬ 
taining  dispersed  phases  of  graphite,  2)  hyper-eutectic  carbides  of  haf¬ 
nium  or  zirconium  with  graphite  precipitates  (6) ,  3)  glass  with  a  mica 
dlspersed-phase,  and  A)  aluminum  oxide  with  dispersions  of  boron  ni¬ 
tride.  Higher  levels  of  heat  flux  are  required  to  initiate  thermal 
stress  fracture  in  these  composites  than  in  the  matrix  materials  without 
their  dispersed  phases.  Also,  the  presence  of  the  dispersions  reduces 
the  likelihood  of  the  highly  catastrophic  failure  mode  of  the  pure  'ma¬ 
trix  phase.  For  these  composites  the  dispersed  phase  has  a  Young's  mod¬ 
ulus  of  elasticity  much  less  than  that  of  the  corresponding  continuous 
matrix  phase.  Thus,  such  materials  are  referred  to  as  high-E,  low-E 


coaposltes  since  the  mismatch  in  elastic  properties  is  responsible  £or 
the  Improvement  in  thermal  fracture  behavior. 

The  presence  of  the  low-E  phase  has  a  significant  effect  on  most 
of  the  properties  of  the  matrix  phase,  although  the  coefficient  of  ther¬ 
mal  expansion  and  Poisson's  ratio  are  effected  little  if  any  at  even 
high  volume  fractions.  Inclusion  of  the  low-E  phase  in  the  matrix  al¬ 
ters  the  thermal  conductivity,  but  changes  in  the  thermal  conductivity 
of  the  matrix  do  not  appear  to  be  responsible  for  the  Improvement  in 
thermal  fracture  behavior.  Both  the  Young's  modulus  and  the  tensile 
fracture  stress  decrease  significantly  when  a  low-E  phase  is  added  to  a 
hlgh-E  matrix,  while  the  fracture  energy,  which  is  beneficial  for  rapid 
crack  arrest.  Increases  due  to  the  low-E  phase  promoting  non-planar 
crack  propagation.  Therefore,  improvement  in  the  thermal  fracture  be¬ 
havior,  when  a  low-E  phase  is  added  to  a  hlgh-E  material,  can  be  attrib¬ 
uted  primarily  to  the  combined  changes  in  the  elastic  behavior,  the 
fracture  stress,  and  the  fracture  energy. 

The  size,  shape,  distribution,  and  type  of  second  phase  particles 
have  important  effects  on  the  thermal  fracture  behavior  of  the  composite 
materials.  From  the  mechanical  point  of  view  the  low-E  dispersed  phase 
has  approximately  the  same  effect  on  the  matrix  as  does  porosity.  The 
low-E  dispersed  phase  is  much  preferred,  though,  because  it  permits  con¬ 
trol  over  the  shape  of  the  inclusion  and  causes  a  much  smaller  decrease 
in  thermal  conductivity  than  does  porosity,  thus  aiding  in  improving  the 
thermal  stress  resistance  of  the  composite  material.  According  to 
Hasselman  et  al.  (4)  for  the  hlgh-E,  low-E  concept  to  be  effective,  the 
low-E  phase  must  be  in  the  form  of  a  dispersed  phase  because  a 


continuous  low-E  phase  would  allow  failure  Initiation  to  occur  In  the 
low-E  phase.  Thus,  a  continuous  low-E  phase  would  probably  decrease  the 
thermal  stress  resistance  since  materials  with  a  low  Young's  modulus  u- 
sually  have  low  strength.  The  hlgh-E,  low-E  theory  was  developed  for 
spherical  particles,  although  It  can  also  be  applied  to  elllptlcally 
shaped  second  phase  particles  such  as  those  that  occur  during  hot-press¬ 
ing.  Hasselman  et  al.  (4)  believed,  though,  that  such  elllptlcally- 
shaped  phases  would  cause  anisotropy  of  the  continuum  properties  of  the 
composites . 

In  summary,  the  thermal  stress  resistance  of  brittle  materials  with 
high  values  of  Young's  modulus  can  be  Improved  significantly  by  the  ad¬ 
dition  of  a  dispersed  phase  with  much  lower  Young's  modulus.  These  dis¬ 
persions  not  only  Improve  the  strain-at-fracture,  which  Improves  the  re¬ 
sistance  to  the  Initiation  of  thermal  stress  failure,  but  also  reduce 
the  elastic  energy  at  fracture  and  Improve  the  fracture  energy  to  Inhib¬ 
it  extensive  crack  propagation  after  failure  (4). 

Objectives  and  Reasons  for  the  Present  Study 

_^The  purpose  of  this  Investigation  was  to  determine  the  mechanical 
behavior  (i.e.  strength  and  thermal  shock  resistance)  of  silicon-carbide 
/boron-nltrlde- composites  and  to  test  D.F.H.  Hasselman's  theory  for 
high/low  modulus  composites.  The  primary  objectives  of  this  study  were, 
therefore,  as  follows:  to  experimentally  determine  the  material  pro¬ 

perties  and  thermal  stress  resistance  parameters  for  SIC-BN  composites, 
to  ascertain  If  the  thermal  stress  resistance  of  SIC  is  significantly 
Improved  as  predicted  by  Hasselman's  theory,  and  3}  to  determine  how  the 
strength  of  SlC-BN  composites  varies  with  changes  in  BN-content  and 


5 


temperature,  study  that  dealt  with  the  system  (7)  deter¬ 

mined  that  Hasselman's  theory  held  for  that  system,  but  Si^N^  is  sig¬ 
nificantly  different  from  SiC  (for  example;  the  Young's  moduli  are 
0.310  X  10^  MPa  and  0.448  X  10^  MPa,  respectively).  Thus,  it  was  not 
known  if  the  theory  could  be  applied  to  the  SiC-BN  system. 

Certain  ceramics,  such  as  silicon  carbide,  can  exhibit  high 
strength  and  oxidation  resistance  at  temperatures  400-600°C  greater 
than  the  maximum  operating  te-mperatures  of  nickel  and  cobalt  superal- 
loys  (8)  in  gas  turbine  jet  engines.  Thus,  by  increasing  the  operating 
temperatures  of  gas  turbines  through  the  use  of  ceramic  stator  vanes, 
rotor  blades,  etc.,  the  thermal  efficiency  and  specific  power  output 
can  be  Increased  while  the  fuel  consumption  is  lowered .  Ceramics  con- 

3 

sldered  for  such  applications  have  densities  of  2. 5-3. 2  gm/cm  while 

3 

those  of  superalloys  are  approximately  8  gm/cm  .  Thus,  the  weight  of 
an  engine  and  the  stresses  in  parts  such  as  rotor  blades  could  be  re¬ 
duced  through  the  use  of  ceramics;  the  centrifugal  stress  developed  in 
rotor  blades  is  directly  proportional  to  their  density.  Also,  it  can 
be  much  cheaper  to  obtain  the  raw  materials  and  fabricate  ceramic  parts 
than  it  is  to  produce  superalloy  components.  Ceramic  materials  also 
have  generally  better  high-temperature  corrosion  resistance  than  do  su¬ 
peralloys.  Therefore,  there  are  numerous  reasons  why  ceramics  are  be¬ 
ing  considered  for  use  in  gas  turbine  jet  engines. 

The  primary  problems  associated  with  the  use  of  SiC  in  jet  engines 
are  that  silicon  carbide  is  extremely  brittle  and  has  little  thermal 
shock  resistance.  Thus,  the  present  study  was  conducted  to  see  if  ad¬ 
ditions  of  BN  could  improve  the  thermal  shock  resistance  of  SiC  as  pre¬ 
dicted  by  Hasselman's  theory. 


II.  Theoretical  Considerations 


Themal.  Stresses  and  Thermal  Shock  Failure  In  Ceramics 

Stresses  resulting  from  temperature  gradients  are  defined  as  ther¬ 
mal  stresses  (9) .  Each  time  the  temperature  of  an  experimental  sample 
or  structural  body  Is  changed  thermal  stresses  occur  because  of  the 
resulting  temperature  gradients.  The  Importance  of  these  stresses  de¬ 
pends  on  their  magnitude.  The  origin  of  thermal  stresses  Is  the  dif¬ 
ference  In  thermal  expansion  of  various  parts  of  a  body  under  condi¬ 
tions  such  that  free  expansion  of  each  small  unit  of  volume  cannot  take 
place  (11).  One  way  In  which  thermal  stresses  can  be  generated  Is  by 
thermal  shock.  According  to  Klngery  (9),  thermal  shock  corresponds  to 
a  sudden  temperature  change,  as  opposed  to  steady-state  stresses,  which 
may  also  be  substantial.  Burgreen  (10)  has  defined  thermal  shock  as 
the  generation  of  non-lnertlal  thermal  stresses  by  rapid  changes  in 
the  temperature  distribution  within  a  body.  Thermal  shock  is  often 
produced  by  the  sudden  application  of  a  hot  or  cold  fluid  to  the 
surface  of  a  structure. 

The  susceptibility  of  ceramic  materials  to  thermal  stresses  and 
thermal  shopk  failure  is  a  primary  factor  In  limiting  their  usefulness 
(12).  During  transient  heating  and  cooling  conditions,  the  low  thermal 
conductivity  of  many  ceramic  materials  causes  termperature  gradients  to 
occur  within  the  bodies  of  the  materials.  The  stresses  that  are  devel¬ 
oped  within  the  body  are  proportional  to  the  temperature  difference  be¬ 
tween  adjacent  volume  elements  and  arise  because  of  constraint  of  these 
volume  elements  on  one  another. 

Changing  the  temperature  of  a  body  from  an  initial  termperature. 
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Tq,  to  a  new  uniform  temperature,  Tj^,  will  cause  no  stress  es  provided 
the  body  is  homogeneous,  isotropic,  and  unrestrained  or  free  to  expand. 
In  this  situation,  the  expansion  of  each  volume  element  is  a(Tj-T^), 
where  a  is  the  coefficient  of  thermal  expansion,  and  the  shape  of  the 
body  is  unchanged.  On  the  other  hand,  if  the  body  is  not  liomogeneous 
and  isotropic,  such  as  a  polycrystalline  material  with  anisotropic 
crystals,  a  multiphase  material,  etc.,  .stresses  will  result  from  the 
difference  in  expansion  between  crystals  or  phases.  In  extrciiie  cases, 
serious  weakening  or  fracture  may  occur.  Stresses  may  also  result  if  a 
structure  is  completely  constrained  from  expandi\ig  or  contracting 
through  the  use  of  restraining  forces.  Stresses  sucli  as  these,  vjhile 
not  due  to  a  temperature  gradient  and  therefore  not  classified  as  ther¬ 
mal  stresses  as  defined  by  Kingery  (9),  will  be  additive  with  any  ther¬ 
mal  stresses  developed  and  must  be  considered  in  many  practical  appli¬ 
cations  thermal  stress. 

The  existence  of  a  temperature  gradient  does  not  necessarily  mean 
that  thermal  stresses  will  occur,  although  In  general  such  stresses 
will  oci:ur.  An  infinite  slab,  made  from  a  homogeneous  and  isotropic 
material,  with  a  linear  temperature  gradient  would  be  a  case  in  which 
the  body  can  expand  or  contract  without  incompatible  strains  and  no 
stresses  would  result.  Usually,  though,  temperature  is  not  a  linear 
function  of  dimension,  and  the  free  expansion  of  volume  elements  would 
lead  to  separation  of  the  elements  so  that  the  body  would  no  longer  be 
continuous.  Since  each  element  is  constrained  by  the  rest  of  the  body, 
thermal  stresses  will  result.  Thus,  it  can  be  seen  that  the  teniiiovnl  ure 
distribution  must  be  known  if  tlierraal  stresses  are  to  be  caiculalud. 


In  the  steady  state,  the  temperature  distribution  Is  cletermincsl  by  the 
rate  of  heat  flow,  the  specimen  shape,  and  the  thernal  conductivity. 

In  the  unsteady  or  transient  state,  the  change  In  the  temperature  at  a 
particular  point  with  respect  to  time  will  depend  on  the  thermal 
conductivity  and  the  heat  capacity  per  unit  volume.  In  any  situation, 
determining  the  stresses  in  a  structure  requires  knowledge  of  the 
heat  transfer  conditions  and  the  temperature  distribution,  along  with 
the  elastic  and  thermal  material  constants  for  the  structure. 

Jhermal  Shock  Resistance 

Substantial  stresses  develop  when  ceramic  materials  are  subjected 
to  rapid  changes  in  temperature.  Thermal  endurance,  thermal  stress  re¬ 
sistance,  or  thermal  shock  resistance  is  the  resistance  to  fracture  or 
weakening  under  such  conditions.  Different  materials  are  effected  dif¬ 
ferently  by  thermal  stresses  because,  in  addition  to  the  stress  level, 
the  stress  distribution  in  the  body,  and  the  stress  duration,  material 
characteristics  such  as  ductility,  homogeneity,  porosity,  pre-existing 
flaws,  etc.,  are  important  (13).  Consequently,  defining  a  single  ther¬ 
mal-stress-resistance  factor  for  use  in  all  situations  is  impossible. 

Two  approaches  can  be  taken  to  the  problem  of  thermal  shock;  con¬ 
sideration  of  the  nucl cation  of  cracks  or  consideration  of  the  pro¬ 
pagation  of  pre-existing  cracks.  V/lten  considering  the  conditions  vhich 
govern  the  nucleation  of  fracture,  the  assumption  is  made  that  failure 
occurs  W’hen  the  thermal  stress  reaches  the  fracture  stress.  The  inax  imum 
quench  temperatures  tint  can  be  withstood  using  this  failure  criterion 
for  different  materials,  and  different  conditions  of  heat  transfer  are 
shown  in  Fig.  1.  In  general,  as  the  rate  of  heat  transfer  increases. 


Symbols;  r  -  parameter  that  depends  on  geometry  of 
material,  called  the  half  thickness 

h  -  surface  heat-transfer  coefficient 

tp  -  initial  temperature 

t'  -  new  temperature 

Figure  1.  Variation  in  Quench  Temperature  Causing  Fracture  for 

Different  Materials  under  Different  Conditions  of  Heat 
Transfer  (9,  13). 

Failure  is  assumed  to  occur  when  the  thermal  stress 
reaches  the  fracture  stress.  Curves  are  calculated 
from  material  properties  at  400  C.  Dashed  curves  for 
A1„0_  are  calculated  from  material  properties  at  100 
and  1000  c,  as  an  indication  of  temperature  effects. 


the  degree  of  thermal  shock  (the  change  in  temperature  that  a  material 
can  withstand)  decreases.  The  curves  for  a  number  of  materials  cross, 
indicating  that  as  the  rate  of  heat  transfer  changes,  certain  materials 
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will  be  effected  to  a  greater  extent  by  thermal  stresses  than  others. 
Thus,  even  for  a  given  criterion  of  failure,  materials  cannot  be 
listed  In  a  single  order  of  thermal  stress  resistance.  Since  different 
types  of  heat  transfer  may  occur,  such  as  steady-state  heat  flow  out 
through  the  walls  of  a  hollow  cylinder,  constant  rate  of  heating  from 
the  surface,  and  cooling  by  radiation  from  an  elevated  temperature, 
^^^®tent  material  properties  and  constants  may  need  to  be  evaluated  in 
order  to  determine  a  relative  ranking  of  the  thermal  stress  resistance 
of  the  materials  under  consideration.  )U:cordlng  to  Kingery  (14), 
the  properties  which  affect  thermal  stress  resistance  are  elastic  modu¬ 
lus,  strength,  coefficient  of  expansion,  Poisson's  ratio,  and,  in  some 
cases,  thermal  conductivity,  dlffusivlty,  or  emlsslvlty. 

Treating  the  conditions  which  govern  the  propagation  of  cracks 
(described  previously  as  the  second  thermal  shock  approach) ,  Hassel- 
■sn  (15,16)  noted  that  the  driving  force  for  crack  propagation  Is 
provided  by  the  elastic  energy  released  at  the  moment  of  fracture. 

Crack  propagation  under  thermal  stress  conditions  generally  occurs  In 
the  absence  of  external  forces.  The  critical  termperature  difference 
'‘®*l'*i*’ed  for  crack  Instability  has  been  derived  from  an  expression 
for  the  total  energy  per  unit  volume  W^,  which  Is  the  sum  of  the 
elastic  energy  plus  fracture  energy  of  the  cracks,  using  the  fact 
that  cracks  are  unstable  between  those  limits  for  which  (15) 


dL 


(1) 


The  critical  temperature  difference  is  given  as 
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inreff(i-2v)^ 

% 

16(1-V^)KL^ 

1  k 

2E  o^(l-v^) 

m  O  ^ 

9(l-2v) 

(2) 


where  crack  propagation  Is  assumed  to  occur  by  the  simultaneous  propa¬ 
gation  of  N  cracks  per  unit  volume.  Is  the  Young's  modulus  of  the 
crack  free  material,  Y  ,,  Is  the  fracture  surface  work,  v  Is  Poisson's 
ratio,  a  Is  the  coefficient  of  thermal  expansion,  and  L  Is  the  crack 
length.  This  equation  (Eq.  2)  Is  represented  by  the  solid  lines  In 
Pig.  2.  Note  that.  In  general,  the  region  of  crack  Instability  Is 
bounded  by  two  values  of  crack  length. 


Poisson's  ratio  assumed  to  be  0.25. 

Figure  2.  Thermal  Strain  Required  to  Initiate  Crack  Propagation 
as  a  Function  of  Crack  Length  and  Crack  Density  N  (15) . 

For  Initially  short  cracks,  those  left  of  the  minima,  the  rate  of 
energy  release  after  Initiation  of  crack  propagation  exceeds  the  sur¬ 
face  energy  needed  for  fracture,  and  the  excess  energy  is  transformed 


Into  the  kinetic  energy  of  the  moving  crack.  Since  the  crack  still  has 
kinetic  energy  when  it  reaches  the  length  given  in  the  expression  for 
it  continues  to  propagate  until  the  released  strain  energy  equals 
the  total  surface  energy  of  fracture  (these  crack  lengths  are  repre¬ 
sented  by  the  dashed  lines  in  Fig.  2).  The  new  crack  lengths,  being 
subcrltlcal  with  respect  to  the  critical  temperature  difference  re¬ 
quired  for  crack  Initiation,  require  a  finite  increase  in  temperature 
to  become  unstable  again.  Cracks  with  lengths  to  the  right  of  the  min¬ 
ima  will  propagate  in  a  quasi-static  fashion  (15).  For  a  material  with 
small  cracks,  which  propagate  klnetlcally  on  initiation  of  fracture, 
the  crack  length  changes  as  a  function  of  the  severity  of  the  tempera¬ 
ture  change.  Fig.  3.  No  change  in  crack  length  should  occur  if  the 
thermal  stress  is  less  than  that  needed  to  initiate  fracture.  Once  the 


(AT)g  lAT)^ 


TEMPERATURE  DIFFERENCE  AT 


Figure  3.  Crack  Length  as  a  Function  of  Temperature  Difference 
AT  (12,  15). 


S5. 


critical  seres*  for  fracture  is  reached,  the  cracks  propagate  rapidly. 
Over  Cha  tcBperature  range  of  to  no  crack  growth  occurs  because 
eha  cracks,  which  initially  propagated  when  AT^  was  reached,  are  now 
subcrltlcal.  The  cracks  will  grow  qtiasi-statlcally  when  AT  is  in¬ 
creased  beyond  AI^. 

Since  there  are  two  ways  of  considering  the  problem  of  thermal 
shock,  two  principal  approaches  are  taken  in  designing  and  selecting 
■aterlals  for  thermal  shock  resistance.  One  of  these  approaches  is 
to  avoid  fracture  initiation.  This  method  is  used  for  glasses,  porce¬ 
lain,  whltewares,  electronic  ceramics,  etc.  In  order  to  avoid  fracture 
Initiation  by  thermal  shock,  materials  should  have  high  values  of 
strength  and  thermal  conductivity  and  low  values  of  modulus  and  thermal 
expansion  coefficient.  The  other  approach,  which  is  used  for  refrac¬ 
tory  bricks.  Is  to  avoid  catastrophic  crack  propagation.  To  minimize 
the  extent  of  crack  propagation,  materials  should  have  high  values  of 
modulus  and  fracture  surface  work  and  low  values  of  strength.  There¬ 
fore,  the  requirements  of  modulus  and  strength  for  avoidance  of  crack 
propagation  are  directly  opposed  to  those  for  avoidance  of  fracture 
Initiation.  Choosing  material  characteristics  to  deter  fracture  ini¬ 
tiation  can,  then,  have  deleterious  effects  if  cracks  are  initiated 
because  crack  propagation  will  then  be  enhanced. 

Depending  on  the  application,  numerous  ways  exist  for  improving 
thermal  shock  resistance  (13,  14).  By  Introducing  mlcrostructural  het¬ 
erogeneities  to  act  as  stress  concentrators  in  a  material,  catastrophic 
crack  propagation  can  be  prevented  because  fracture  is  induced  locally, 
thus  avoiding  catastrophic  failure  since  the  average  stress  is  kept  low. 


An  example  of  this  might  be  the  introduction  of  enough  cracks  of 
sufficiently  large  size  so  that  crack  propagation  takes  place  quasi- 
statically.  Blunt  flaws,  such  as  those  resulting  from  intergranular 
shrinkage  cracking,  can  improve  the  resistance  to  catastrojihlc  failure, 
while  sharp  initial  cracks  from  surface  impacts  can  lead  to  premature- 
failure.  In  Al202-Ti02  ceramics,  where  tensile  strength  is  not  of 
prime  concern,  Intergranular  shrinkage  voids  improve  thermal  shock 
resistance  by  blunting  initially  sharp  cracks  and  preventing  their 
propagation.  In  materials  where  crack  initiation  is  undesirable, 
techniques  which  avoid  areas  of  stress  concentration,  and  designs 
which  avoid  restraints  and  allow  for  expansion  of  various  parts 
of  the  structure,  can  improve  thermal  stress  resistance.  In  some  cases 
thermal  stresses  can  be  reduced  by  reducing  the  size  of  component  parts 
without  loss  of  utility.  By  varying  material  parameters,  such  as 
strength,  elastic  modulus,  density,  coefficient  of  thermal  expansion, 
thermal  conductivity,  purity,  etc.,  thermal  shock  resistance  can  be  im¬ 
proved  through  avoidance  of  crack  initiation  and/or  avoidance  of  cata¬ 
strophic  crack  propagation.  The  possibility  of  pre.stresslng  ceramic 
materials  also  offers  an  opportunity  for  increasing  thermal  stress  re¬ 
sistance. 

The  Thermal  Stress  Resist ance  Parameters  R,  R" ,  and  R’ ' ' 

Numerous  thermal  stress  resistance  parameters  have  been  defined 
(Table  I).  For  any  given  application  only  a  few  of  these  parameters 
need  be  considered.  Each  of  these  parameters  is  a  function  of  certain 
material  constants.  In  the  present  study  the  thermal  stress  resistance 
parameters  R,  R",  R'''  were  considered. 


Table  I 


Summary  of  Thermal  Streu  Resistance  Parameters  and  Their 
Appropriate  Thermal  Environments 


TlMtBial  «ln** 
Inctui*  mutano* 
paoBMlm 

Litentor* 

dMifiiAtioa 

HMfOMtl  MviioamaBt.  appropriate  paraiDater 

ia  uaad  to  oompara; 

S.{l-v) 

R 

a.  The  maximum  allowable  temperature  difference  in 
body  umler  conditions  of  steady  heat  flow. 

b.  The  maximum  allowable  temperature  difference  to 
which  body  can  be  subjected  in  convective  environ* 
ment  for  4>>1* 

e.  The  maximum  allowable  temperature  gradient  in 
steady  state  heat  conduction  in  solid  containing 
nonconducting  holes  or  cavities. 

oE 

a.  The  maximum  allowable  heat  flux  through  body 
under  conditions  of  steady  heat  flow. 

b.  The  maximum  allowable  temperature  difference  to 
which  body  can  be  subjected  under  convective  heat 
transfer  for  j3<l. 

e.  The  maximum  allowable  heat  flux  in  steady  state 
heat  conduction  in  solid  containing  nonconducting 
boles  or  cavities. 

S,(l-»)a 

aE 

R* 

a.  The  maximum  allowable  rate  of  surface  heating. 

Ml-) 

•9 

R« 

a.  The  maximum  allowable  rate  of  increase  of  temper¬ 
ature  difference  across  body  undergoing  thermal 
stress  relaxation  by  creep. 

S.(l-r)fc 

«* 

R'« 

a.  The  maximum  allowable  rate  of  change  of  heat  flux 
through  bodty  undergoing  thermal  stress  relaxation 
by  creep. 

R#*4 

a.  The  maximum  allowable  blackbody  radiation  to 
which  opaque  material  can  be  subjected. 

f  S.(l.»)fc  1*^ 

Rtrcamp 

a.  The  maximum  allowable  blackbody  temperature  to 
which  semitransparent  materials  can  be  subjected 
die  adsorption  properties  of  which  can  be  described 
as  transparent  for  and  opaque  for  x»w. 

E 

S.’(l;) 

R" 

a.  The  minimum  ia  the  elastic  energy  at  fracture 
available  for  crack  propagation. 

GE 

S.*(l-r) 

R^ 

a.  The  minimum  in  the  extent  of  crack  propagation  on 
initiation  of  thermal  stress  fracture. 

T 

a.  The  minimum  in  the  total  number  of  fragments 
resulting  from  thermal  stress  fracture  initiation. 

1 _ 1 

s 

R.i 

a.  The  maximum  allowable  temperature  difference  re¬ 
quired  to  propagate  long  cracks  under  severe  ther¬ 
mal  stress  conditions  (/9,  large). 

b.  The  maximum  allowable  temperature  gradient  in 
bodies  containing  cracks  perpendicular  to  heat  flux. 

rcv-i*^ 

Lo'eJ 

R'.i 

a.  The  maximum  allowable  temperature  difference  re¬ 
quired  to  propagate  long  cracks  for  mild  thermal 
stress  condtions  (/},  small). 

b.  The  maximum  allowable  heat  flux  in  bodies  contaio- 
Ing  cracks  perpendicular  to  heat  flow. 

Symbols  are  defined  on  the  next  page  (Ref.  17). 
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Table  I  (con.) 


list  of  ^finbois 

A  ooefBdeat  of  thermal  eipanslon 

A  total  area  of  eradu 

a  thermal  dlffuaivity 

p  Biot’a  modulua  {p»hh/h) 

b  thickness  of  flat  plate,  radius  of  q>here, 

radius  of  si^rical  cavity 
C,  C  geometric  constants  for  internally  heated 
hollow  cylinders 
e  endsdvHy 

£  Young’s  modulus  of  elasticity 
a  viscosity 

Fxg  fraction  of  total  energy  from  blackbody 
radiation  below  frequency  x« 

G  surface  fracture  energy 
h  surface  heat  transfer  coefBdent 
k  thermal  oonducthdty 
X4  wavelength  above  which  semitransparent 
ceramic  is  opaque  and  below  which  it  is 
tranqMrent 

1  crack  half-iength 
t  Poisacm’s  ratio 

N  total  number  of  cracks,  total  number  of 
fragments 

Q...  maximum  beat  flow 

Qmu  maximum  rate  of  diange  of  beat  flow 

p  Stefan-Boltzmann  constant 

r,  outside  radius  of  hollow  cylinder 

ri  indde  rattius  of  hollow  cylinder 

Si  tensile  strength 

Tmu  maximum  temperature  gradient 

Tmmm  maxuDum  rate  of  change  of  temperature 
ATmu  maximum  temperature  difference 

ATmm,  maxhnum  rate  of  change  of  temperature 
difference 
t  time 

t*  time  to  maximum  stress 
Wt  total  elastic  energy 
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R  Is  a  parameter  that  measures  the  resistance  to  fracture  initia¬ 


tion  and  is  given  by 


R  = 


a(l-v) 


aE 


(°C) 


(3) 


where  o  is  the  bend  strength  (or  more  generally  the  fracture  strength), 
V  is  Poisson's  ratio,  a  is  the  coefficient  of  thermal  expansion,  and  E 
Is  Young's  moduius  of  elasticity.  R  is  a  measure  of  the  maximum  allow¬ 
able  change  in  temperature  (AT)  for  steady  heat  flov;, 

R"  is  another  parameter  for  characterizing  the  resistance  to  frac¬ 
ture  initiation  and  is  represented  by 


a(l-v)a 

aE 


(cm^°C/sec . ) 


(A) 


where  the  symbols  have  the  same  meaning  as  given  above,  v’ith  a  being 
the  thermal  ditfusivity.  R"  is  a  measure  of  the  maximum  allowable  rate 
of  surface  heating. 

The  parameter  R'''  is  a  measure  of  the  resistance  of  a  material  to 
crack  propagation  dar.iage  and  can  be  expressed  by 

E 

Ri"  = - (]/MPa)  (5) 

a'^(l-v) 

where  the  symbols  again  have  ilie  same  moaning  as  given  above.  R' ' '  is 
a  measure  of  tin;  minimum  elarstic  energy  at  fracture  available  for 
crack  propagation. 

The  parameters  R,  R",  and  R''*,  tlirou'>,li  the  use  of  shape  factors 


(18),  can  be  related  to  AT  ,  T  ,  and  W  ,  respectively,  where 

nidx  •  in3x  •  1 

AT  Is  the  maximum  temperature  difference,  T  is  the  maximum 
max.  max. 

rate  of  change  of  surface  temperature,  and  is  the  total  elastic  en¬ 
ergy  available  for  crack  propagation.  The  shape  factors,  which  are  ex¬ 
pressions  derived  from  the  specific  specimen  geometry  being  considered 
(and  depend  only  on  this  geometry),  are  represented  by  S,  S",  and  S''' 
for  R,  R",  and  R''',  respectively.  Therefore,  the  thermal  stress  re¬ 
sistance  parameters  can  be  given  by 


and 


R 


At 

max. 

S 


(7) 


R" 


T 

max. 


S" 


(III  _ 


(8) 

(9) 


« 

Consequently,  if  AT  ,  T  ,  and  W  are  known  for  a  specific  appli- 

mdx «  tii3iX «  i. 

cation,  along  with  the  shape  factors  S,  S",  and  S'''  that  depend  on  the 

component  geometry,  the  resistance  parameters  can  be  determined  without 

knowledge  of  the  material  constants  and  properties  (a,  V,  a,  E,  a). 

Originally,  the  resistance  parameters  were  defined  from  the  material 

properties  and  constants  that  occur  in  the  expressions  derived  for 

At  ,  T  ,  and  W  for  specific  applications.  Appendices  A,  B,  and 
indx  •  in3x «  1 

C  show,  for  specific  applications,  how  the  thermal  stress  resistance 
parameters  and  shape  factors  are  derived.  Althovigh  the  specific  geome¬ 
tries  considered  in  Appendices  A,  B,  and  C  are  not  those  used  in  the 


present  study,  the  derivations  shown  demonstrate  the  type  of  analysis 


used  to  determine  the  thermal  stress  resistance  parameters  and  the 
shape  factors. 


Reasons  Why  Accurate  Expressions  for  the  3-D  Thermal  Stresses  In  Beams/ 
Bars  of  Rectangular  Cross-Section  Cannot  Be  Developed  Completely 

In  order  to  analytically  determine  expressions  for  the  thermal 
stress  resistance  parameters  R,  R''«  and  R'"  In  terms  of  AT  ,  T  , 
and  respectively,  and  their  respective  shape  parameters  S,  S",  and 
S"*,  expressions  for  the  thermal  stresses  In  the  speclmen(s)  of  Inter¬ 
est  must  be  obtained.  Development  of  exact  expressions  for  the  thermal 
stresses  that  arise  during  thermal  shock.  In  beams  or  bars  of  rectangu¬ 
lar  cross-section,  is  not  possible  for  several  reasons.  They  may  be 
stated  as  follows:  1)  the  problem  requires  a  three-dimensional  analy- 
•1«.  2)  for  ceramic  materials  edge  effects  greatly  influence  failure, 
and  3)  the  heat  transfer  between  the  beam  and  Its  surroundings  may 
change  from  one  test  to  the  next. 

A  method  often  used  for  measuring  the  thermal  stress  resistance  of 
ceramics  consists  of  quenching  specimens  In  a  medium  which  Is  at  a  dif¬ 
ferent  temperature  from  the  Initial  specimen  temperature.  Water  (19, 
20),  liquid  metals  (21),  oils  (22),  fluidized  beds  (23),  or  eutectic 
mixtures  of  salts  (24)  are  typically  used  as  quenching  media.  The 
specimens  may  Initially  be  at  a  temperature  above  or  below  the  tempera¬ 
ture  of  the  quenching  medium.  Typical  specimen  geometries  for  such 
tests  are  spheres  (21,  24)  or  solid  cylinders  with  circular  (19)  or 
square  (20)  cross-sections  (In  the  present  study  solid  cylinders,  bars, 
with  rectangular  cross-sections  were  quenched  In  room-temperature  wa- 


For  a  bar  of  rectai^ular  cross-section  dropped  into  water,  heat 
transfer  takes  place  on  all  six  faces  of  the  specimen.  Therefore,  to 
develop  expressions  for  the  stresses  in  the  bar,  heat  flow  in  the  x-, 
7-,  and  z-dlrectlons  must  be  considered.  This  makes  development  of  an¬ 
alytical  expressions  extremely  difficult.  Finite  element  or  numerical 
analysis  is  required  for  even  the  two-dimensional  case  considered  by 
Satyamurthy  et  al.  (25)  with  heat  transfer  along  directions  normal  to 
the  faces  of  an  infinitely  long  solid  cylinder  of  square  cross-section. 
The  study  conducted  by  Satyamurthy  et  al.  ignored  end  effects  by  assum¬ 
ing  an  Infinitely  long  cylinder.  If  end  effects  are  important  (as  they 
are  In  the  present  study),  a  two-dimensional  finite  element  analysis 
will  not  yield  accurate  results. 

Two  types  of  edge  effects,  also,  add  complications  to  any  attempts 
at  predicting  the  thermal  stresses  In  a  bar  during  quenching.  Although 
the  maximum  stresses  possible  will  occur  at  the  center  of  the  faces  of 
a  bar,  the  axial  stress  at  the  specimen  edge  will  exceed  the  transverse 
stress  at  the  center  of  the  faces  for  times  less  than  the  time  required 
to  reach  the  maximum  stress  (25).  Therefore,  for  the  case  of  a  thermal 
shock  in  which  the  maxlmxim  stresses  significantly  exceed  the  fracture 
stress,  failure  will  most  likely  be  Initiated  at  a  specimen  edge  rather 
than  at  a  face  center.  Specimen  defects,  such  as  nicks,  scratches,  or 
other  flaws,  are  more  likely  to  be  introduced  along  edges  than  faces 
during  preparation  of  specimens  with  planar  faces  (25).  Thus,  specimen 
defects  also  tend  to  make  edges  more  likely  fracture  Initiation  sites 
than  faces.  Satyamurthy  et  al.  (25)  stated  that  this  effect  will  be 
enhanced  further  in  stress  corrosive  environments  which  will  promote 


more  sub-critical  crack  growth  In  flaws  at  the  edges  because  of  the 
more  rapid  rise  in  the  magnitude  of  thermal  stress  than  in  the  case  of 
the  center  of  the  faces.  Satyamurthy  et  al.  believe  that,  for  most 
brittle  engineering  materials  tested  in  practice,  the  specimen  edge  may 
well  be  the  preferred  site  of  failure. 

Finally,  changes  in  the  rate  of  heat  transfer  can  also  affect  the 
thermal  stresses  in  a  bar.  For  the  study  of  Satyamurthy  et  al.  (25) 
dealing  with  a  square-cross-section  cylinder,  heat  transfer  was  assumed 
to  occur  by  Newtonian  convection,  i.e.,  a  rate  of  heat  transfer  propor¬ 
tional  to  the  instantaneous  temperature  difference  between  the  surface 
and  the  ambient  environment.  Satyamurthy  et  al.  assumed  heat  transfer 
to  be  uniform  along  the  length  of  the  cylinder  in  order  to  avoid  axial 
heat  flow.  Consequently,  if  the  heat  transfer  is  non-uniform  there 
will  be  some  variation  in  the  thermal  stresses.  If  thermal  shock  test¬ 
ing  is  carried  out  over  a  range  of  temperatures,  the  heat  transfer  rate 
may  vary  significantly  from  a  test,  at  one  temperature,  to  another 
test,  at  a  different  temperature.  Such  an  effect  is  illustrated  for  a 
water  quenching  medium  in  Fig.  4,  in  which  the  changes  that  occur  in 
the  heat  transfer  rate  due  to  variations  in  the  degree  of  thermal  shock 
(the  magnitude  of  the  change  in  temperature)  are  shown.  Therefore,  for 
thermal  shock  testing  in  water,  the  rate  of  heat  transfer,  depending  on 
the  temperature  range  used,  may  vary  substantially. 

Matcri.Tl  Properties  and  Cryst.-!!  Structure  of  SiC  and  BN 

SiC.  Silicon  carbide,  SiC,  is  the  only  compound  of  silicon  and 
carbon  known  to  occur  in  the  condensed  state.  Since  both  silicon  and 
carbon  have  similar  electronegativity,  SiC  is  completely  covalent. 


T  -  saturation  temperature 

S3  u 

-  surface  temperature 


Figure  4.  Characteristic  Bolling  Curve  (26). 

SIC  exhibits  polytypism,  or  more  generally,  polymorphism.  Poly¬ 
morphs  are  different  crystalline  modifications  of  the  same  chemical 
substance,  and  the  word  polymorphism  is  used  to  describe  the  general 
relations  among  the  several  phases  of  the  same  substance  without  regard 
to  the  number  of  phases  being  considered  (13).  Polytypism  is  a  special 
type  of  polymorphism  in  which  the  different  structures  assumed  by  a 
compound  differ  only  in  the  order  in  which  a  two-dimensional  layer  is 
stacked.  Silicon  carbide  can  exhibit  many  polytype  crystal  structures, 
several  of  which  commonly  occur.  These  polytypes  may  all  be  visualized 
as  being  made  up  of  a  single  basic  unit,  a  layer  of  tetrahedra  which 
may  arbitrarily  be  chosen  as  SiC^  or  CSi^  (27),  Fig.  5.  The  poDy types 
differ  in  the  orientational  sequences  by  which  the  layers  of  tetrahedra 
are  stacked.  Although  these  layers  can  only  be  stacked  in  one  of  two 
orientations  (a  and  b,  or  parallel  atid  antlparnllcl  (28)),  the  possible 
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Figure  5.  Hexagonal  Layers  of  Afi^  Tetrahedra  (28). 

sequential  combinations  of  these  two  orientations  over  many  layers 
leads  to  many  possible  crystal  poly types.  Fig.  6.  SiC  has  more  poly¬ 
typic  forms  than  any  other  material.  At  least  74  distinct  stacking 
sequences  have  been  found  in  crystals  of  SiC,  some  of  which  require 
lattice  constants  of  up  to  1500  X.  to  define  the  distance  over  which  the 
stacking  sequence  repeats  (13). 

Describing  the  crystalline  polytypes  of  SiC  is  accomplished  by  a 
system  of  nomenclature' (Ramsdell  Notation)  that  assigns  a  number 


(•)  («} 

Figure  6.  Orientation  of  Tetrahedra  in  Successive  Hexagonal  Layers, 
(a)  Parallel,  (b)  Antiparallel  (28). 


corresponding  to  the  number  of  layers  In  the  unit  cell  and  a  letter 


suffix  designating  the  crystal  symmetry.  The  possible  crystal  symme¬ 
tries  are  cubic  (C) ,  hexagonal  (H) ,  and  rhombohedral  (R) .  The  struc¬ 
tures  of  the  common  SiC  crystalline  polytypes,  those  of  3C,  4H,  6H,  and 
15R,  have  a,  aabb,  aaabbb,  and  (aaabb)^  layer  sequences,  respectively 
(28)  (the  2H  form  is  also  a  common  polytype) .  Although  a  number  of 
theories  have  been  developed  to  explain  the  long  range  order  or  poly- 
typism  in  SiC,  the  numerous  crystal  structures  are  most  easily  ex¬ 
plained  by  Shaffer  (28)  on  the  basis  of  a  screw  dislocation  growth 
mechanism. 

The  cubic  3C  polytype  is  usually  referred  to  as  beta  silicon  car¬ 
bide,  3“SiC.  All  of  the  other  polytypes  are  collectively  referred  to 
as  alpha  silicon  carbide,  a-SiC.  Although  0-SiC  may  exist  at  all  tem¬ 
peratures  up  to  decomposition,  it  usually  transforms  to  one  of  the 
alpha  polytypes  at  high  temperatures.  Doping  3-SiC  with  different  ele¬ 
ments  (or  adding  different  elements  to  g-SiC) ,  such  as  boron  and/or  ni¬ 
trogen,  tends  to  favor  the  stabilization  of  certain  alpha  poly types. 
Generally,  the  transformation  of  3  to  a  silicon  carbide  is  not  reversi¬ 
ble,  except  under  certain  conditions. 

A  listing  of  some  of  the  material  properties  for  SiC  is  given  in 
Table  II.  l-Jhen  possible,  the  data  for  hot-pressed  SiC  was  chosen, 

BN.  Boron  nitride  (DN),  which  lias  three  different  crystalline 
structures,  is  one  of  the  most  important  nitrides  for  engineering  ap¬ 
plications.  The  hexagonal  (alpha)  form  of  boron  nitride  is  soft  and 
machinable,  similar  in  structure  and  nropertien  to  graphite,  but  is  an 
electrical  Insulator  and  is  more  oxidation  resistant  than  graphite 
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Table  II 


Material  Properties  and  Constants  for  SiC 

E,  Young's  Modulus  0.428  -  0.448  X  10^  MPa 

of  Elasticity 


Bend  Strength 

a,  Thermal 
Dif fusivity 


662  MPa 

2 

0,3448  cm  /sec. 


Ct,  Coefficient  of 
Thermal  Expansion 


4.32  X  lO"^  °C“}  for  24°  -  871°C 
5.40  X  lO"  °C"  for  538°  -  2204°C 


P,  Density 


3 

3.21  gm/cm  _for  3-SiC 
3.208  gm/cm  for  6H  ct-SiC 


V,  Poisson's  Ratio 


0.17 


(29) .  At  very  high  pressures  and  temperatures,  alpha  BN  can  be  con¬ 
verted  to  an  extremely  hard,  zinc-blende  cubic  (beta)  form.  The  pro¬ 
perties  of  a-BN  are  sensitive  to  crystallographic  orientation  because 
O-BN  crystals  are  highly  anisotropic.  Alpha  boron  nitride  has  a  layer 
structure  in  which  the  atoms  in  the  basal  plane  are  held  together  by 
strongly  directed  covalent  bonds  in  a  hexagonal  array  (the  graphite 
structure).  Fig.  7.  In  contrast,  the  bonds  between  layers  are  weak  van 
der  V7aals  forces  so  that  the  structure  has  very  strong  directional  pro¬ 
perties  (13).  The  third  form  of  BN,  which  has  a  hexagonal  wurtzite- 
type  structure  that  forms  under  high  pressure,  is  metastable  under  all 
conditions  (a  non- equilibrium  phase).  Both  cubic  B-BN  and  the  metasta¬ 
ble  hexagonal  form  are  similar  crystallographically ,  but  the  two  struc¬ 
tures  have  greatly  different  mechanical  properties,  the  metastable  hex¬ 
agonal  form  being  much  tougher  or  impact  resistant  than  the  cubic  form 

(30) . 


A  listing  of  some  of  the  material  properties  for  BN  is  given  in 


Table  III.  When  possible,  the  data  for  hot-pressed  BN  was  chosen 


Fl^re  7. 


Table  III 

Material  Properties  and  Constants  for  a-BN 


E,  Young's  Modulus 
of  Elasticity 

<7^,  Bend  Strength 

a.  Thermal 
Dlffuslvlty 

a.  Coefficient  of 
Thermal  Expansion 

P,  Density 
V,  Poisson's  Ratio 


Parallel  to 
Hot-Pressing 
Direction _ 

0.041  -  0.097  X  10® 
MPa 

48  -  97  MPa 
2 

0.0924  cm  /sec. 


negative  for 
38  -  998°C 
1.2  X  10“®  °C”^  for 
998°C  -  1758°C 

2.28  ±  0.01  gm/cm^ 

0.23 


Perpendicular 
to  Hot-Pressing 
_ Direction 

0.041  -  0,103  X  lo' 
MPa 

41  -  110  MPa 
2 

0,1724  cm  /sec. 


0.7  X  lO"®  °C"^  fo: 
38°  -  998°C  , 

3.2  X  10~°  °C  fo: 
998°  -  1758°C 

2.28  ±  0.01  gm/cm^ 

0.23 


III.  Material  and  Experimental  Procedures 


Material 

The  materials  used  for  this  study  were  conmerclally  available  sil¬ 
icon  carbide  (SIC)  and  boron  nitride  (BN)  powders.  The  SIC  powder 
was  a  high  purity,  slnterable,  beta  silicon  carbide  produced  by 
Hermann  C.  Starck,  Inc.  (No.  S  1626).  The  BN  powder  had  an  average 
particle  size  of  one  micron  and  was  approximately  99.5  percent  pure. 

It  was  produced  by  Cerac,  Inc.  (No.  B-1084) .  The  Impurities  In  the 
powders  were  determined  by  spectrographlc  analysis;  the  impurities  In 
the  SIC  and  BN  powders  are  given  In  Tables  IV  and  V. 


Table  IV 


Impurity  Content  in  SIC  Powder 
All  Concentrations  Are  In  Wt.  PPM 


Na,  ^n,  W. . . . . . . ...each<200 

Nb . . .  <  100 


.  Tl,  Ca. 


each  20 


Sn,  Pb,  Ni,  Cr,  Mo,  Zr,  V,  Co.  each<  20 
Mg.  Mn . each  10 


Experimental  Procedures 


Specimen  Preparation.  The  specimens  used  for  the  experimental 


testing  were  prepared  from  the  SIC  and  BN  powders  described  above.  To 
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Table  V 


Impurity  Content  In  BN  Powder 
All  Concentrations  Are  In  V7t.  PPM 


Na*  Znt  Mb,  W . each <  1000 

Tl,  Mo,  Zr,  V . each <200 

SI . 100 

Co,  Cr . each  100 

Al,  Fe,  Ca . each  60 

Mn,  Sn,  Pb,  Nl,  Cu . each <  20 

Mg . 10 


prepare  the  powders  for  hot-pressing  (see-below) ,  the  required  amounts 
of  each  powder  for  the  different  specimens  were  calculated,  based  on 
the  densities  of  the  powders  and  the  size  of  the  desired  specimen,  and 
weighed,  using  Mettler  and  Chemical  Rubber  Company  analytical  balances. 
After  weighing  the  required  amounts  of  powder  for  a  sample,  the  SIC  and 
Bn  powders  were  mixed  for  four  hours  In  a  U.S.  Stoneware  ball  mill,  us¬ 
ing  Iso-propyl  alcohol  and  Sl^N^  "balls"  in  a  plastic  jar.  Once 
thoroughly  mixed,  the  powders  were  dried  for  several  hours  at  75°C  In  a 
Blue  H  Electric  Company  oven  to  evaporate  the  alcohol. 

A  two-inch  (Inside  diameter)  graphite  die  was  used  for  hot-pressing 
with  Graf oil  as  a  lubricant.  The  Graf oil  (produced  by  Union  Carbide) 
also  served  to  keep  the  powders  from  reacting  with  the  die  walls  and 
plungers.  The  powders  were  initially  cold-pressed  at  6.59  MPa  with 
a  Carver  laboratory  press  to  compress  the  powders  and  to  aid  in 
handling  of  the  assembled  dle/plunger  apparatus.  All  of  the  specimens 
fabricated  were  hot-pressed  at  34.48  MPa  using  a  Vacuum  Industries, 


/  f  . 


Inc.  hot  press.  Six  specimens  wore  hot-pressed;  five  were  pressed 


at  2000°C  and  the  sixth  was  pressed  at  1950°C.  The  specimens  hot- 
pressed  were  0,  8.8,  17.9,  and  27.2  volume  percent  (vol,  %)  BN  (0, 

10,  20,  and  30  mole  percent  BN),  the  remainder  of  each  specimen  being 
SiC.  Of  the  six  specimens  produced,  two  were  0  vol,  %  BN  and  two  were 
17.9  vol.  %  BN.  After  removal  from  the  die,  the  surfaces  of  the  spec¬ 
imens  were  ground,  with  a  70-micron  diamond  wlieel  on  Buehler  Ltd.  and 
Fisher  Scientific  polishing  machines,  to  clean  off  any  material  (pre- 
marily  Grafoil)  adhering  to  the  surfaces.  Finally,  the  test  pieces, 
bend  and  thermal  shock  bars,  were  cut  from  the  hot-pressed  specimens 
using  a  K.O.  Lee  Company  saw/grinder.  In  order  to  perform  the  machin¬ 
ing,  the  specimens  were  mounted  with  epoxy  on  glass  and/or  metal  speci¬ 
men  holders.  Of  the  six  specimens,  five  were  cut  so  that  the  large 
face  of  the  test  bars  was  perpendicular  to  the  direction  of  the  hot- 
pressing  load  (Fig.  8);  one  of  the  17.9  vol.  %  BN  specimens  was  cut 
with  the  large  faces  of  the  test  bars  parallel  to  the  hot-pressing  di¬ 
rection,  in  order  to  observe  possible  anisotropy  in  the  composites. 

The  bend  and  thermal  shock  bars  were  prepared  by  standard  cera- 
mographic  techniques  so  that  light  optical  pictures  could  be  taken, 
and  so  that  bend  strength  and  thermal  shock  resistance  measurements 
could  be  made.  The  edges  of  the  bars  were  bevelled  and  all  four  sides 
of  each  bar  were  ground  consecutively  on  240,  320,  400,  and  600  grit 
SiC  paper  using  water  as  a  lubricant/coolant.  The  bars  were  then 
polished  with  15-,  9-,  and  6-micron  diamond  paste  on  selected  silk 
cloths  with  Metadi  Fluid  as  a  lubricant/coolant  (Note:  all  polishing 
and  grinding  materials  were  produced  by  Buehler  Ltd.).  Only  three 
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ca  ixi  ciD  ca] 

CO  [3D  cbn  C3]  CC] 


A 


0.5  Inch 


Figure  8 


2  inches 


a  -  Bend  Bars  (0.125  in.  X  0.250  in.) 
b  -  Thermal  Shock  Bars  (0.090  in.  X  0.250  in.) 


Orientation  of  Test  Bars  in  Hot-Pressed 
Specimens,  Shown  at  Actual  Size. 


sides  of  the  bend  bars  (those  on  the  tensile-stress  side)  vere  polished 
with  9-  and  6-micron  finish.  The  compressive  side  of  the  bend  bars  was 
not  polished  as  finely  because  failure  of  the  bend  bars  occurs  in  tension, 
and,  therefore,  a  fine  polish  was  not  required  on  the  compressive  side. 
Grinding  and  polishing  was  accomplished  using  Buehler  Ltd.  and  Fisher 
Scientific  polishing  machines. 

Micros true tural  Characterization.  The  microstructures  of  the  six 
hot-pressed  specimens  were  characterized  by  light  microscopy  (LM) , 
scanning  electron  microscopy  (SEM),  x-ray  diffraction  (XRD)  analysis, 
and  density  measurements . 

The  bulk  densities  of  the  specimens  were  determined  using  an  ASTM 
standard  test  method  (31).  After  oven  drying  (using  a  Blue  M  Electric 
Company  oven)  at  150°C  for  approximately  three  hours  and  cooling  in  a 
desiccator,  the  specimens  were  weighed.  Then  the  specimens  were  boiled 
in  distilled  water  and  weighed  while  suspended  in  distilled  water.  Fi¬ 
nally,  the  specimens  were  blotted  dry  and  weighed  again.  The  densities 
of  the  specimens  were  then  determined  from  the  data  obtained  from  the 
different  weight  measurements,  which  were  conducted  according  to  the 
ASTM  standard  test  method  (31). 

X-ray  diffraction  analysis  of  the  phases  present  in  the  hot- 
pressed  specimens  and  in  the  SiC  and  BN  powders  was  accomplished  with  a 
Philips  Electronic  Instruments  diffractometer  using  Ni-filtered  Cu  K 

a 

radiation.  The  powder  specimens  were  mounted  on  glass  mici-oscope 
slides  using  clear  nail  polish  to  bind  the  powders  in  place.  The 
mounted  powder  samples  and  pieces  of  the  hot-pressed  specimens  were, 
analyzed  using  standard  x-ray  techniques  (32). 
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Light  microscopy  was  used  to  characterize  the  microstructures  of 
the  six  hot-pressed  specimens.  Light  optical  pictures  v/ere  obtained 
using  a  Bausch  &  Lomb  Optical  Compan}'  Research  II  Metallograph  (micro¬ 
scope)  with  a  green  filter.  Polished  bend  and  thermal  shock  bars  v.'cre 
used  for  I.M  microstruc tural  analysis. 

An  AMR  Model  1000  Scanning  I'lectron  Microscope  was  employed  to 
characterize  the  microstructures  of  the  hot-presses  specimens  as  well 
as  to  examine  the  fracture  surfaces  of  broken  bend  bars.  Specimen  pre 
paration  for  the  SEM  studies  involved  grinding  specimens  to  the  re¬ 
quired  size,  mounting  the  specimens  on  sample  holders,  coating  the 
specim.ens  with  carbon  and  gold  to  prevent  charging  in  the  microscope, 
and  applying  a  small  amount  of  silver  paint  to  the  base  of  tlie  speci¬ 
mens  to  aid  electron  flow.  Pictures  of  the  microstructures  of  the  six 
hot-pressed  specimens  and  of  possible  fracture  initiation  sites  in  sev 
eral  of  the  fractured  bend  bars  were  obtained  using  standard  SEM  tech¬ 
niques. 

Experimental  Testing.  The  experimental  testing  involved  conduct¬ 
ing  four-point  bend  tests,  at  room  and  elevated  temijeraturcf ,  and  wa- 
ter-quench  thermal  shock  tests.  Thermal  shock  bars  from  each  of  the 
six  hot-pressed  specimens  were  also  sent  to  the  IIT  (Illinois  Insti¬ 
tute  of  Technology)  Research  Institute  (Chicago,  Illinois)  for  addi¬ 
tional  testing.  This  testing  involved  developing  therm.al  expansion 
curves,  determing  Young's  moduli  and  coefficients  of  themial  expansion 
and  measuring  the  thermal  shock  resistance  by  a  different  technique 
from  that  used  in  the  present  study.  Thermal  diffusivity  data  from 
a  study  conducted  at  Wriglit-Patterson  AFB  (Ohio)  and  Virginia 
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Polytechnic  Inrstitute  and  State  University  (Blackshvir^ ,  Virginia)  (33) 
was  also  used  in  conjunction  with  the  data  obtained  in  the  present 
study . 

Thermal  shock  testing  was  conducted  using  a  Blue  M  Electric 
Company  Lab-Heat  Muffle  Furnace.  Thermal  .<=hock  bars  were  heated  in  air  i 

to  the  desired  temperature  and  then  allowed  to  soak  at  this  temperature 
for  30  minutes,  in  order  for  the  temperature  in  the  bar  to  reach  equili¬ 
brium  (for  all  of  the  specimens  tested,  the  initial  temperacure  used 
was  250°C) .  Then  the  bars  vere  quenched  in  distilled  water  at  room 
temperature  (approxim.ately  22°C) ,  by  dropping  them  into  a  two  liter 
beaker  filled  with  water.  After  the  bars  cooled  and  were  dried  off, 
they  were  examined  for  surface  cracks  using  a  Bausch  &  Lomb  Optical 
Company  binocular  light  microscope.  The  above  procedure  was  repeated, 
as  many  times  as  required,  until  the  bars  shotted  evidence  of  cracking. 

The  appearance  of  cracks  was  used  as  the  failure  criterion.  Each 
temperature  cycle  v^as  conducted  at  a  temperature  25'^C  above  that  of  the 
previous  cycle. 

Flexure  strength  was  measured  by  four-point  bend  tests  using  an 
Instron  testing  machine  with  a  Brew  furnace.  All  bend  tests  were  con¬ 
ducted  at  a  cross-head  loading  rate  of  0.005  cm  per  minute.  Tests 
were  run  at  room  temperature  and  at  1000°,  1250°,  and  1500°C.  For  the 
elevated  temperature  tests,  bend  bars  were  allowed  to  soak  at  the 
desired  test  temperature  for  30  minutes,  in  order  for  tlie  temperature 
in  the  bur  to  reach  equilibrium.  In  all  of  the  bend  tests,  the  bend 
bars  were  placed  .in  the  test  fixture  witli  tlte  tensile  side(s)  of  tlie 
bars  being  the  more  finely  pollf;hod  sldc(s). 
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IV.  Results  and  Discussion 


Characterization  of  tho  Microstructure  of  th o  SiC-BN  Cor.poslte  Speci¬ 
mens 

The  microstructures  of  the  six  silicon-carbide/boron-nitride  com¬ 
posite  specimens  were  characterized  by  x-ray  diffraction  (XRD)  analy¬ 
sis,  density  determinations,  light  microscopy  (L>1) ,  and  scanning  elec¬ 
tron  microscopy  (SEM) .  The  six  specimens  were  made  with  the  following 
compositions:  0,  8.8,  17.9,  and  27.2  volume  percent  BN  (or  0,  10,  20, 
and  30  mole  percent  BN)  with  the  remainder  consisting  of  SiC.  Note 
that  the  impurities  in  the  BN  and  SiC  starting  powders  jnresented  earl¬ 
ier)  are  considered  as  BN  and  SiC  for  the  purpose  of  calculating  per¬ 
cent  BN  compositions  (i.e.  the  impurities  are  considered  as  being  of 
negligible  amounts) . 

Of  the  six  compositions  used,  txro  were  0  vol.  %  BN  and  two  were 
17.9  vol.  %  BN.  The  two  0  vol.  %  BN  specimens  were  hot-pressed  at  dif¬ 
ferent  temperatures,  2000°  and  1950°C,  to  see  what  changes  would  occur 
in  the  material  properties  and  constants.  Changing  the  processing  tem¬ 
perature,  vjithin  the  range  considered  in  this  study,  primarily  changes 
the  grain  size  of  the  specimens.  The  two  17.9  vol.  %  BN  specimens  were 
both  hot-pressed  at  2000°C,  but  the  test  bars  (bend  bars  and  thermal 
shock  bars)  in  one  were  cut  from  the  hot-pressed  specimen  at  an  orien¬ 
tation  90°  different  from  those  in  the  other  specimen.  Thus,  the  ef¬ 
fect  of  anisotropy  arising  from  the  liot-pressing  operation  could  be  as¬ 
sessed  from  the  two  17.9  vol.  %  BN  specimens.  Unless  stated  otherwise, 
the  0  vol.  %  BN  specimen  hot-pressed  at  1950°C  will  be  designated  as  OF 
vol.  %  BN  and  the  17.9  vol.  %  BN  specimen,  whose  test  bars  were  cut  out 


of  the  hot-pressed  billet  (specimen)  nt  an  orientation  90  to  those  cut 
out  of  the  other  billets,  will  be  deslp.nated  as  17.9?  vol.  %  BM. 


The  densities  of  all  six  specimens  were  measured  and  compared  to 
their  theoretical  values.  In  all  cases  the  measured  values  v:crc  close 


to  the  theoretical 

values.  The  highest  percentage  of  porosity  in  any 

of  the  specimens  was  determined 

to  be  2.6  %. 

Thus,  all 

of  the  speci- 

mens  were 

at  least 

97.4  %  dense 

.  Data  deal.ing 

wi th  the 

densitics  of 

the  six  specimens 

are  given  in 

Table  VI. 

Table  VI 

Densities  of 

the  SiC-BN  Composites 

BN  Content 

Density 

(gm/cm^) 

%  Porosity 

%  Dense 

Volume  % 

Mole  % 

Measured 

Theoretical 

0.0 

0 

3.18 

3.21 

99.1 

O.OF 

OF 

3.21 

3.21 

8.8 

10 

3.06 

3.13 

2.3 

97.7 

17.9 

20 

2.96 

3.04 

2.6 

97.4 

17. 9P 

20? 

2.99 

3.04 

1.8 

98.2 

27.2 

30 

2.88 

2.96 

2.5 

97.5  • 

X-ray  diffraction  analysis  of  the  six  hot-pressed  specimens  and 
the  two  sta  cing  powders  was  used  to  dctcrraine  wliich  BN  and  SiC  phases 
were  present  in  the  samples.  The  SiC  powder  used  in  the  fabrication  of 
the  hot-pressed  specimens  was  determined  to  be  beta  SiC,  which  lias  a 
face-centered  cubic,  structure  (3C) .  The  BN  starting  powder  was  charac¬ 
terized  as  alpha  BN,  which  has  a  hexagonal  graphitic  structure.  All  of 
the  SIC-BN  hot-pressed  specimens  were  found  to  have  aljiha  BN  and 


multiple  SiC  phases  (the  0  and  OF  vol.  %  BN  specimens,  obviously,  did 
not  show  evidence  of  alpha  BN) .  The  multiple  SiC  phases  in  the  speci¬ 
mens  included  3~SiC  and  the  2H,  AH,  6H,  15R,  and  21R  forms  of  a-SiC. 
Other  polytypes  of  SiC  may  have  been  present,  but  the  amounts  (percent¬ 
ages)  of  these  other  polytypes  were  too  small  to  yield  x-ray  peaks  dur¬ 
ing  the  diffractometer  scans.  Thus,  in  all  of  the  hot-pressed  speci¬ 
mens,  multiple  phases  of  SiC  were  observed.  Including  cubic,  hexagonal, 
and  rhombohedral  forms.  In  the  specimens  containing  BN,  the  hexagonal 
a-BN  form  was  observed. 

Light  microscopy  was  used  to  characterize  the  microstructures  of 
the  hot-pressed  specimens  after  representative  pieces  had  been  ground 
and  polished.  In  all  six  specimens  small  amounts  of  porosity  (voids) 
were  visible.  The  BN  phase  was  observed  to  be  relatively  uniformly 
distributed  throughout  the  SiC  matrix.  The  BN  particles  in  the  speci¬ 
mens  were  oriented  in  a  direction  perpendicular  to  the  hot-pressing  di¬ 
rection,  the  direction  along  which  the  load  had  been  applied  during 
hot-pressing.  The  microstructure  of  the  8.8  vol.  %  BN-SiC  specimen  is 
shown  both  parallel  to  and  perpendicular  to  the  hot-pressing  direction 
in  Fig.  9.  When  observing  this  specimen  parallel  to  the  hot-pressing 
direction,  the  BN  particles  appear  to  be  randomly  oriented,  but  when 
observed  perpendicular  to  the  hot-pressing  direction,  the  BN  particles 
are  seen  to  be  oriented  perpendicular  to  the  hot-pressing  direction. 
This  phenomenon  was  observed  for  all  four  of  the  specimens  containing 
BN,  The  dark  areas  in  Fig.  9  are  BN  particles,  voids  where  BN  had  ex¬ 
isted  but  was  pulled  out  of  the  specimen  during  polishing,  and  porosi¬ 
ty.  By  comparison  with  the  0  and  OF  vol,  %  BN  specimens,  the  porosity 
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Figure  9.  LM  Micrographs  of  the  8.8  Vol.  X  BN  Specimen  (a)  Paral¬ 
lel  to  and  (b)  Perpendicular  to  the  Hot-Pressing 
Direction  (650X). 


In  the  figure  tends  to  be  the  smaller  of  the  darks  areas.  Thus,  from 
the  LM  micrographs,  it  can  be  seen  that  hot-pressing  tends  to  orient 
the  BN  particles  roughly  perpendicular  to  the  direction  of  the  applied 
hot-pressing  load. 

Scanning  electron  microscopy  was  also  used  to  characterize  the  mi¬ 
crostructures  of  the  hot-pressed  specimens.  SEM  analysis  was  conducted 
using  the  fracture  surfaces  of  broken  bend  bars.  In  the  specimens  con¬ 
taining  BN,  the  boron  nitride  particles  were  observed  as  thin  plate¬ 
like  structures  oriented  with  the  plane  of  the  plates  approximately 
perpendicular  to  the  hot-pressing  direction.  As  observed  by  SEM  (and 
also  by  IM),  the  BN  particles,  which  are  initially  plate-like  particles 
In  the  powder  form,  tend  to  orient  themselves  perpendicular  to  the  ap¬ 
plied  load.  Thus,  some  degree  of  anisotropy  in  the  composites  is  in¬ 
troduced  by  the  hot-pressing  process,  which  orients  the  BN  particles. 
The  microstructures  of  the  six  hot-pressed  specimens  are  shown  in  Figs. 
10-15.  In  all  of  the  specimens,  fine  roughly  equiaxed  particles  can  be 
seen.  These  particles  are  impurities  in  the  composites  and  particles 
that  have  adhered  themselves  to  the  fracture  surface.  The  OF  vol,  % 
BN-SIC  specimen  was  found  to  have  a  finer  grain  size  than  the  0  vol.  % 
BN-SIC  specimen.  The  finer  grain  size  occurred  because  the  OF  vol.  % 
specimen  was  hot-pressed  at  a  temperature  50°C  below  that  at  which  the 
other  specimens  were  hot-pressed.  By  comparing  Figs.  10  and  11,  it 
can  be  seen  that  the  grain  size  is  much  finer  in  the  OF  vol.  %  BN-SiC 
specimen  (Fig.  11)  than  in  the  0  vol.  %  BN-SiC  specimen.  The  finer 
grain  size,  of  the  specimen  pressed  at  the  lower  temperature,  results 
In  a  rougher  appearing  fracture  surface  than  that  of  the  specimen  with 
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the  coarser  grain  size,  which  has  a  much  smootlicr  appearing  fracture 
surface.  In  all  of  the  figures,  the  micrographs  are  oriented  such  that 
the  vertical  direction  corresponds  to  the  direction  normal  to  the  larg¬ 
est  faces  of  the  test  bars.  Thus,  in  the  specimens  containing  BN  par¬ 
ticles  (Figs.  12-15),  the  plane  of  the  BN  plates  is  roughly  parallel  to 
the  plane  of  the  largest  faces  of  the  test  bars  in  all  but  the  17. 9P 
vol.  %  BN-SiC  specimen,  whose  BN  particles  are  oriented  90°  from  the 
orientation  of  the  BN  particles  in  the  test  bars  of  the  other  speci¬ 
mens.  As  mentioned  earlier,  the  17. 9P  vol.  %  BN-SiC  specimen  was  ma¬ 
chined  differently  so  that  possible  anisotropy  effects  could  be  ob¬ 
served  . 

Influence  of  BN  Content  on  the  Material  Constants  of  the  Composite 
Specimens 

Changes  in  the  material  constants  of  the  composite  specimens,  as 
functions  of  the  BN  content,  were  characterized.  The  effects,  on  the 
coefficient  of  thermal  expansion  and  Young's  modulus  of  elasticity, 
were  determined  for  the  SIC-BN  particulate  composites  by  e;:perimental 
methods.  Data  for  the  changes  in  thermal  diffusivity  with  changing  BN 
content  were  taken  from  a  study  on  the  thermal  diffusivity  anisotropy 
of  SlC-BN  composites  (33).  Values  of  Poisson’s  ratio  for  the  different 

specimens  were  estimated  from  the  values  for  pure  SiC  and  pure  BN. 

« 

For  all  six  of  the  hot-pressed  specimens,  values  of  the  linear  ex¬ 
pansions  at  1000°C  and  the  coefficients  of  thermal  expansion  were  de¬ 
termined  i  The  linear  expansion,  which  can  be  represented  by  AL/L 
(where  L  is  the  length  of  the  specimen)  was  used  to  determine  the  mean 
coefficient  of  thermal  expansion,  which  is  given  by 
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where  AT  is  the  temperature  range  over  which  a  is  defined.  Although 
the  coefficient  of  thermal  expansion  is  a  function  of  temperature,  it 
is  generally  approximated  by  the  mean  value  for  sufficiently  limited 
temperature  ranges.  Therefore,  unless  stated  otherwise  in  the  follow¬ 
ing  sections,  the  values  of  the  coefficients  of  thermal  expansion  of 
the  composite  specimens  are  actually  the  mean  values.  Both  the  mean 
coefficients  of  thermal  expansion  and  the  values  of  the  linear  expan¬ 
sions  were  observed  to  be  relatively  insensitive  to  changes  in  the  BN 
content  (Table  VII) . 

Table  VII 


Linear  Expansions  and  Mean  Coefficients  of  Thermal  Expansion 
for  the  SIC-BN  Composites 


Composite 

BN  Content 

(vol.  %) 

Linear  Expansion 

at  1000°C 

(%) 

Mean  Coefficient  of  Thermal 

Expansion  (20°-1000°C) 

ec-h 

0.0 

0.A12 

4.20 

O.OF 

0.4A0 

4.49 

8.8 

0.A40 

4.49 

17.9 

0.A39 

4.48 

17. 9P 

0.A17 

4.26 

27.2 

0,430 

4.39 

Changing  the  BN  content,  though,  was  found  to  have  a  significant 
effect  on  the  Young’s  moduli  of  elasticity  of  the  specimens.  As  the  BN 


content  Increased*  the  Young's  modulus  decreased.  Similar  results  were 
obtained  by  Mazdlyasni  and  Ruh  (34)  for  a  study  dealing  with  Sl^N^-BN 
composites;  increases  in  the  BN  content  of  the  specimens,  from  0  to 
12.5  weight  Z,  were  found  to  decrease  the  Young's  moduli  of  the  compos* 
Ites.  For  the  two  0  vol.  Z  BN  specimens  (0  and  OF),  the  specimen  with 
the  finer  grain  size  was  found  to  have  a  slightly  greater  modulus  of 
elasticity.  The  fact  that  the  moduli  of  the  two  0  vol.  %  BN  specimens 
are  similar  is  what  one  would  expect,  since  Young's  modulus  is  indcpen* 
dent  of  grain  size.  Of  the  two  17.9  vol.  Z  BN  specimens  (17.9  and 
17. 9P),  the  specimen,  whose  test  bars  were  cut  at  an  orientation  90° 
different  from  the  others,  was  found  to  have  a  slightly  higher  modulus 
than  the  other  17.9  vol.  Z  specimen.  The  Young's  moduli  of  the  speci¬ 
mens  and  estimated  values  of  the  Poisson's  ratios  are  given  in  Table 
VIII.  The  Poisson's  ratios  were  determined  by  linearly  extrapolating 
between  the  value  of  0.17  for  SIC  and  the  value  of  0.23  for  BN. 


The  thermal  diffuslvlty  (a)  is  the  ratio  of  the  thermal  conductiv¬ 
ity  (k)  to  the  heat  capacity  per  unit  volume  (pc^)>  Data  for  the  ther¬ 
mal  diffuslvlty  of  the  composites  was  taken  from  a  study  by  Ruh  et  al. 


(33).  This  data  should  be,  to  a  good  approximation,  equal  to  the  actu¬ 


al  values  of  the  specimens  used  in  the  present  study  because  the  com¬ 
posites  used  in  the  two  studies  differ  only  slightly  in  the  initial  BN 
particle  size  and  the  hot-pressing  temperature  (in  the  study  of  Ruh  et 
al.  (33)  the  BN  particles  were  15  microns  in  size  and  the  specimens 
were  pressed  at  2100°C,  in  the  present  study  the  BN  particles  were  1 
micron  is  size  and  the  specimens  were  pressed  at  2000°C).  The  thermal 
diffuslvlty  (Table  IX)  remains  relatively  constant,  as  the  BN  content 


Table  VIII 


Young's  Moduli  of  Elasticity  and  Poisson's  Ratios  for 
the  SiC-BN  Composites 

Composite  Young's  Modulus  Poisson's  Ratio 

^  3 

BN  Content  of  Elasticity 

(vol.  %)  _ (MPa) _  _ 


0.0 

0.4028 

X 

10^ 

0.17 

O.OF 

0.4186 

X 

10^ 

0.17 

8.S 

0.3162 

X 

10^ 

0.18 

17.9 

0.2966 

X 

io‘ 

0.18 

17. 9P 

0.2986 

X 

10^ 

0.18 

27.2 

0.2614 

X 

io‘ 

0.19 

(a)  IIT  Research  Institute  flexural  resonant  frequency 
method. 

(b)  Determined  by  linear  extrapolation. 

Table  IX 

Thermal  Diffusivities  of  the  SiC-BN  Composites 

Composite  Thermal  Diffusivity  (33) 

2 

BN  Content  (cm  /sec.) 

fa) 

(vol.  %)  Perpendicular  to  H.P.D. _ Parallel  to  H.P.D. 


0.0 

0.4328 

0.3994 

8.8 

0.3693 

0.3065 

17.9 

0.3620 

0.2379 

27.2 

0.3995 

0.2200 

(a)  H.P.D.  =  Hot-Pressing  Direction 


is  increased,  when  measured  perpendicular  to  the  hot-pressing  direction 
(the  direction  corresponding  to  the  plane  of  the  BN  plates),  but  drops 
drastically  when  measured  parallel  to  the  hot-pressing  direction  (the 
direction  roughly  normal  to  the  plane  of  the  BN  plates)  (33).  This  an¬ 
isotropy  is  due  both  to  the  orientation  of  the  BN  plates  in  the  hot- 
pressed  specimens  and  to  the  anisotropy  associated  with  pure  BN. 

Thermal  Shock  Behavior  of  the  SiC-BN  Composites 

Thermal  shock  behavior  can  be  characterized  in  either  of  two  ways, 
quenching  a  body  into  a  medium  of  lower  temperature  or  into  one  of  a 
higher  temperature  (12).  In  the  case  when  the  media  temperature  is 
lower  than  the  temperature  of  the  body,  the  surface  of  the  body  con¬ 
tracts  but  is  constrained  by  the  bulk  and  tensile  stresses  arise  in  the 
surface.  For  stress  equilibrium,  the  surface  tensile  stress  must  be 
balanced  by  compressive  stresses  in  the  interior.  For  the  other  situa¬ 
tion,  that  in  which  the  media  temperature  is  higher  than  the  tempera¬ 
ture  of  the  body,  the  converse  is  true;  compressive  stresses  arise  in 
the  surface  of  the  body  and  the  interior  is  in  tension.  Since  ceramic 
materials  are  generally  much  weaker  in  tension  than  in  compression, 
failure  usually  initiates  from  the  surface  during  cooling  or  from  the 
center  during  heating  (12,  13).  Failure  during  rapid  cooling  occurs 
more  often  than  during  rapid  heating,  though,  because  of  the  presence 
of  flaws  on  the  surface  and  their  interaction  with  the  tensile  stress¬ 
es.  Thus,  thermal  shock  tests  are  generally  carried  out  by  quenching  a 
body  into  a  media  of  lower  temperature. 

The  SiC-BN  composites  were  subjected  to  two  sets  of  thermal  shock 
tests  to  characterize  their  thermal  shock  behavior.  Both  tests  were 


water  quench  tests  in  which  the  water  was  at  a  lower  temperature  than 
the  composites.  Different  methods  were  used  to  determine  when  failure 
occurred;  one  method  involved  only  optical  observations,  while  the 
other  method  involved  both  optical  observations  and  internal  friction 
measurements.  The  results  of  both  tests  showed  that  increasing  the  BN 
content  increased  the  maximum  change  in  temperature  (AT)  that  the  com¬ 
posites  could  withstand  (Fig.  16).  The  results  differed,  somewhat,  as 
to  the  effect  of  grain  size  and  BN-plate  orientation  on  the  thermal 
shock  behavior  (Table  X).  When  comparing  the  coarse-  and  fine-grained 
0  vol.  %  BN  specimens,  one  of  the  tests  showed  grain  size  had  no  ef¬ 
fect,  while  the  other  showed  that  the  fine-grained  specimen  (OF  vol.  % 
BN)  failed  at  a  lower  AT  than  the  coarse-grained  specimen  (0  vol.  % 

BN).  This  is  opposite  of  what  one  would  expect;  fine-grained  materials 
usually  have  higher  strength  than  coarse-grained  materials  (of  the  same 
composition)  and,  therefore,  higher  values  of  R  and  R"  (and  therefore 
higher  values  of  AT).  The  lower  values  of  R  or  At  are  most  likely 
caused  by  the  existence  of  residual  stresses  in  the  fine-grained  speci¬ 
mens  (see  next  section).  Comparisons  of  the  two  17.9  vol.  %  BN  speci¬ 
mens,  whose  BN-particles  were  oriented  differently,  showed  different 
results  for  the  two  tests;  one  of  the  tests  showed  changing  the  orien¬ 
tation  increased  the  AT  by  50°C,  while  the  other  test  showed  a  decrease 
of  50°C  for  such  an  orientation  change. 

Determination  of  the  Effect  of  BN  on  the  Bend  Strength  of  SiC 

The  influence  of  BN  content  on  the  four-point  bend  strength  of  the 
composites  was  examined.  Fracture  surfaces  were  also  characterized  and 


possible  fracture  initiation  sites  were  studied.  The  bend  strength. 


Experlaental  Critical  Quench  Temperature  Difference  {ttt 


Table  X 


Composite 
BN  Content 
(vol.  %) 


Thermal  Shock  Test  Results 


Critical  Quench  Temperature  AT 


Test  1 


Test  2^*^^ 


0.0 

303 

303 

O.OF 

253 

303 

8.8 

303 

353 

17.9 

428 

353 

17. 9P 

378 

403 

27.2 

503 

528 

(a)  Defined  as  highest  AT  for  survival  without  in¬ 
ternal  friction  and/or  visual  evidence  of  dam¬ 
age. 

(b)  Performed  using  optical  observations. 

(c)  Performed  at  IIT  Research  Institute  using  op¬ 
tical  observations  and  internal  friction  meas¬ 
urements  . 


which  was  tested  by  standard  procedures,  can  be  expressed  as 


a,  =  (1.4288  cm)  - ^  (MPa) 

dh^ 


where  P  is  the  applied  load,  d  the  specimen  width,  and  h  the  specimen 
thickness  (Fig.  17). 

In  general,  over  the  composition  range  of  8.8  to  27.2  vol.  %  BN 
and  the  temperature  range  of  22°  to  1500°C,  changes  in  the  BN  content 


seemed  to  have  a  minimal  effect  on  the  strength  of  the  SiC-BN  compos¬ 
ites  (Table  XI  and  Fig.  18).  For  the  8.8  vol.  %  BN  specimens. 
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Figure  17.  Four-Point  Bend  Test 


Table  XI 


(a) 

Bend  Strengths  of  SiC-BN  Composites 


Composite 

Test  Temperatures 

BN  Content 

.  __  (°c) 

(vol.  %) 

22° 

1000° 

1250° 

1500° 

0.0 

364.9 

295.6 

249.4 

267.7 

O.OF 

253.4 

261.3 

449.6 

714.5 

8.8 

327.4 

254.0 

322.8 

299.0 

17.9 

329.0 

327.1 

261.3 

221.3 

17. 9P 

295.5 

309.2 

379.7 

439.4 

27.2 

481.1 

329.7 

330.4 

334.7 

(a)  Bend  strengths  In  MPa. 

Increasing  the  test  temperature  was  found  to  only  slightly  decrease  the 
bend  strength.  The  strength  of  the  17.9  and  27.2  vol.  %  BN  specimens 
showed  a  drop  in  strength  with  increasing  temperature,  while  the  17. 9P 
vol.  %  BN  specimens  showed  an  increase  in  strength  with  temperature. 

The  0  vol.  %  BN  specimens  (coarse  grained)  showed,  also,  a  drop  in 
strength  as  the  temperature  was  raised,  however,  the  OP  vol.  %  BN  spec¬ 
imens  showed  a  dramatic  Increase  in  strength  with  increasing  tempera¬ 
ture.  The  Increase  in  strength  for  the  OF  vol.  %  BN  specimens  (fine 
grained)  is  most  likely  due  to  the  relaxation  of  residual  stresses  in 
the  specimens  that  arose  during  cooling  of  the  hot-pressed  billet.  In 
the  17. 9P  vol.  %  BN  specimens,  which  were  machined  from  the  hot-pressed 
billet  at  an  orientation  90°  different  from  all  of  the  other  hot- 
pressed  specimens,  the  increase  in  strength  with  temperature  is  proba¬ 
bly  due,  in  part,  to  the  anisotropy  of  the  SlC-BN  composites.  Thus, 


Figure  18.  Bend  Strength  vs.  Test  Temperature 


I 


increasing  the  temperature,  in  general,  tends  to  weaken  the  specimens, 
except  for  the  cases  of  the  fine-grained  SiC  specimens  and  the  SiC-BN 
specimens  that  were  machined  differently. 

No  distinct  pattern  is  evident  for  the  changes  in  strength  as  a 
function  of  BN  content  at  a  constant  temperature,  although  one  would 
expect  the  strength  to  decrease  with  Increasing  BN  content.  In  a  study 
dealing  with  Si^N^-BN  composites,  the  strength  was  observed  to  decrease 
with  increasing  BN  content,  although  no  systematic  decrease  with  in¬ 
creasing  BN  content  was  observed  (the  authors  believed  this  was  due  to 
the  small  number  of  samples  tested)  (34).  Note  that  all  of  the 
strength  results  discussed  above  should  be  considered  only  as  trends, 
and  not  as  absolute  variations  in  strength  as  functions  of  BN  content 
and/or  temperature.  This  is  because  only  a  small  number  of  specimens 
were  available  for  testing,  two  at  each  temperature  and  BN  concentra¬ 
tion. 

Fracture  surfaces  of  many  of  the  broken  composite  bend  bars  were 
examined  by  SEM.  Several  of  the  fracture  surfaces  examined  have  been 
presented  earlier,  in  Figs.  10-15  (see  discussion  of  the  microstruc¬ 
tures  of  the  composites).  Fracture  in  the  SiC-BN  composites  tends  to 
be  intragranular ,  thus  making  observations  of  the  grain  boundaries  dif¬ 
ficult.  The  microstructures  for  the  coarse-  and  fine-grain  0  vol.  %  BN 
specimens  are  similar  to  those  reported  by  Richerson  (35)  for  large- 
and  small-grained  SiC  samples.  Although  the  fractures  are  primarily 
Intragranular  or  transgranular ,  the  BN  plates  are  easily  observed  since 
the  cracks  tended  to  go  around  the  plates,  rather  than  through  them. 
Also,  when  the  bend  bars  broke,  the  BN  plates  tended  to  remain  intact 


and  pull  out  of  one  side  of  the  specimen.  Thus,  fracture  surfaces  shov; 
evidence  of  BN  plates  sticking  out  of  the  fracture  "plane"  or  holes 
where  BN  plates  had  been  before  failure.  The  transgranular  type  fail¬ 
ure  was,  also,  observed  by  Mazdiyasni  and  Ruh  in  a  study  dealing  with 
Si^N^-BN  composites. 

Fracture  initiation  sites,  because  of  the  rather  Indistinct  frac¬ 
ture  surfaces  (as  far  as  the  SIC  matrix  is  concerned),  were  difficult 
to  determine.  A  number  of  possible  sites  were  observed,  though.  These 
sites  consisted  of  microstructural  non-uniformities  and  surface  flaws. 
Two  possible  fracture  initiation  sites  are  shown  in  Fig.  19.  Both  of 
these  possible  fracture  initiation  sites  are  examples  of  non-uniformi¬ 
ties  in  the  microstructures  of  the  composites.  The  two  cases  shown  are 
from  the  27.2  vol.  %  BN  specimens.  The  sites  are  both  examples  of  are¬ 
as  where  BN-plates  grouped  much  closer  together  than  usually  observed. 
In  one  case  (Fig.  19a),  the  group  of  BN  plates  was  very  close  to  the 
tensj.le  surface  of  the  bend  bar.  The  other  possible  Initiation  site 
shown  shows  a  band  of  non-uniform  micros tructure  running  through  the 
bend  bar  (Fig.  19b).  Thus,  although  the  composite  specimens  had,  in 
general,  quite  uniform  microstructures,  failure  probably  Initiated  at 
surface  flaws  and  microstructural  inhomogeneities  (such  as  those  shown 
in  Fig.  19) . 

Influence  of  BN  C ontcnt  on  the  Thermal  Stress  Resistance  Parameters  of 
SiC 

Making  use  of  the  data  collected  for  the  SiC-BN  composites,  values 
of  the  thermal  stress  resistance  parameters,  R,  R",  and  R''',  were  cal¬ 
culated.  The  data  used  for  the  calculations  included  the  ben’ 


strengths,  the  coefficients  of  thermal  expansion,  the  Young's  moduli  of 
elasticity,  the  Poisson's  ratios,  and  the  thermal  dlffuslvltles .  All 
of  the  data  used  were  room  temperature  data,  except  for  the  coeffi¬ 
cients  of  thermal  expansion,  which  were  determined  at  500°C  for  purpos¬ 
es  of  comparison  with  other  data  and  since  most  of  the  specimens  failed 
In  the  neighborhood  of  this  temperature.  The  calculated  values  of  R, 
R",  and  R* "  are  given  in  Table  XII.  Omitting  the  fine-grained  SIC 


Table  XII 

Thermal  Stress  Resistance  Parameters  for 
the  SIC-BN  Composites 


Composite 

BN  Content 

(vol.  %) 

{a(l-v)}/(aE) 

(°C) 

^„(a) 

'  {o(l-v)a}/(aE) 

(cm^°C/sec.) 

R"’ 

E/{a^(l-v)} 

(1/MPa) 

0.0 

203.8 

88.2 

3.64 

O.OF 

126.9 

5A.9 

7,85 

8.8 

216.6 

80.0 

3.60 

17.9 

237.5 

86.0 

3.34 

17. 9P 

229.2 

83.0 

4.17 

27.2 

392.3 

156.7 

1.39  ■ 

(a)  Determined  using  coefficients  of  thermal  expansion  at  500°C. 


specimens  and  the  17. 9P  vol.  %  BN  specimens,  the  values  of  R  Increased 
with  Increasing  BN  content,  while  the  values  of  R"  showed  little  change 
up  to  17.9  %  boron  nitride  (Fig.  20).  Only  the  27.2  vol.  %  BN  specimen 
showed  a  significant  change,  an  Increase,  over  that  of  the  pure  SIC 
specimen.  Both  of  these  parameters  are  a  measure  of  the  resistance  of 
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(«)  Units  for  R,  R”,  and  R*"  are  (°C),  (cm^®C/sec. ) ,  and 
(1/MPa),  respectively. 


Figure  20.  Thermal  Stress  Resistance  Parameters  vs.  Volume  Percent  BN 


a  material  to  crack  initiation.  Again  omitting  the  fine-grained  SiC 
specimens  and  the  17. 9P  vol.  %  BN  specimens,  R’’’,  which  is  a  measure 
of  the  resistance  of  a  material  to  crack  propagation  damage,  was  ob¬ 
served  to  decrease  with  increasing  BN  content.  Therefore,  increasing 
the  BN  content  was  observed  to  Increase  the  resistance  of  the  compos¬ 
ites  to  crack  initiation,  while  decreasing  the  resistance  to  crack  pro¬ 
pagation  damage. 

The  fine-grained  SiC  specimens  were  found  to  have  much  lower  val¬ 
ues  of  R  and  R"  than  the  coarse-grained  SiC  specimens,  but  they  were 
found  to  have  a  much  larger  value  of  R' ' ’  than  the  coarse-grained  SiC 
specimens.  These  variations  in  the  parameters  are  due  primarily  to  the 
differences  in  bend  strengths,  the  fine-grained  SiC  specimens  having 
low  bend  strength  at  room  temperature  because  of  residual  stresses. 

The  17. 9P  vol,  %  BN  specimen,  whose  orientation  was  different  from  the 
other  specimens,  had  values  of  R,  R",  and  R’ ’ '  only  slightly  different 
from  the  other  17.9  vol.  %  BN  specimen. 

R,  which  is  a  measure  of  the  resistance  of  a  material  to  crack  in¬ 
itiation,  is  directly  related  to  the  maximum  change  in  temperature  that 
can  occur  during  quenching  without  causing  failure  (discussed  earlier)  . 
Consequently,  changes  in  the  R  parameter  should  relate  directly  to 
changes  in  the  maximum  temperature  variation  that  a  specimen  can  sur¬ 
vive.  Such  a  relationship  was  observed  for  the  composites  in  both  of 
the  water  quench  tests  (Table  XIII).  Only  one  of  the  specimens,  the 
17. 9P  vol.  %  BN  specimen,  did  not  obey  such  a  relationship  in  one  of 
the  two  sets  of  tests.  Thus,  in  general.  Increases  in  the  R  parameter 
corresponded  to  Increases  in  the  maximum  temperature  difference 
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Comparison  of  R  Parameter  with  Thermal  Shock  Test  Results 


Composite 

R<*> 

Critical  Quench  Temperature 

BN  Content 

{j(l-v)}/aE 

(°C) 

(vol.  X) 

("O 

Test  1^*^^ 

Test  2^**^ 

0.0 

203.8 

303 

303 

O.OF 

126.9 

253 

303 

8.8 

216.6 

303 

353 

17.9 

237.5 

428 

353 

17. 9P 

229.2 

378 

403 

27.2 

392,3 

503 

528 

(a)  Determined  using  coefficients  of  thermal  expansion  at  500°C, 

(b)  Defined  as  highest  AT  for  survival  without  internal  friction 
and/or  visual  evidence  of  damage. 

(c)  Performed  using  optical  observations. 

(d)  Performed  at  IIT  Research  Institute  using  optical  observa¬ 
tions  and  Internal  friction  measurements. 


specimens  could  survive  during  quenching. 

A  comparison,  of  the  results  obtained  In  this  study  with  the  R 
thermal  stress  resistance  parameters  of  other  SIC  materials,  reveals 
that  the  specimens  In  this  study  have  values  of  R  similar  to  other  SIC 
materials  (Table  XIV).  Note  that  the  27.2  vol.  %  BN-SiC  specimen  has 
value  of  R  significantly  greater  than  those  of  the  other  SIC  materials 
shown  In  the  table.  Therefore,  the  addition  of  boron  nitride  to  sili¬ 
con  carbide  does  Increase  the  thermal  stress  resistance,  when  consider 
log  the  R  parameter.  Similar  results  were  obtained  in  a  study  involv¬ 
ing  additions  of  BN  to  Sl^N^  (34).  In  the  BN-Sl^N^  study,  thermal 


V.  Conclusions 


The  influence  of  boron  nitride  (BN)  on  the  material  constants  and 
properties  of  silicon  carbide  (SIC)  was  examined  using  four  different 
compositions,  0,  8.8,  17.9,  and  27.2  volume  percent  boron  nitride. 
Specifically,  changes  in  the  thermal  shock  resistance  parameters,  bend 
strengths,  coefficients  of  thermal  expansion,  densities,  and  Young's 
moduli  of  elasticity  were  studied.  Four  specimens,  with  the  above  com¬ 
positions,  were  fabricated  by  hot-pressing.  Two  other  specimens  were 
.fabricated  somewhat  differently  (by  varying  the  processing  variables) , 
one  at  0  vol.  %  BN  and  one  at  17.9  vol.  %  BN,  to  observe  the  effects  of 
grain  size  and  anisotropy,  respectively. 

The  microstructures  of  the  composites  were  characterized  by  x-ray 
diffraction  (XRD)  analysis,  density  determinations,  light  microscopy 
(LM) ,  and  scanning  electron  microscopy  (SEM) .  All  of  the  hot-pressed 
specimens  were  found  to  be  at  least  97.4  %  dense.  XRD  analysis  re¬ 
vealed  that,  in  all  of  the  hot-pressed  specimens,  multiple  poly types  of 
SIC  were  present.  Including  8-SiC  and  the  2H,  4H,  6H,  15R,  and  21R 
forms  of  a-SlC.  In  the  specimens  containing  BN,  the  hexagonal  a-BN 
form  was  observed,  LM  allowed  observation  of  porosity  and  the  BN  par¬ 
ticles,  which  were  found  to  be  aligned  perpendicular  to  the  hot-press¬ 
ing  direction  (this  alignment  is  due  to  the  hot-pressing  operation) . 

SEM  revealed  the  plate-like  morphology  of  the  BN  particles  in  the  com¬ 
posites.  SEM  also  showed  that  one  of  the  0  vol.  %  BN-SiC  specimens  had 
a  much  finer  grain  size  than  the  other  one. 

Changes  in  the  material  constants  of  the  composite  specimens,  as 
functions  of  the  BN  content,  were  characterized.  Both  the  mean 


coefficients  of  theraal  expansion  and  the  values  of  the  linear  expan¬ 
sions  were  observed  to  be  relatively  Insensitive  to  changes  In  the  BN 
content.  Changing  the  BN  content,  though,  was  found  to  have  a  signifi¬ 
cant  effect  on  the  Young's  moduli  of  elasticity  of  the  specimens.  As 
the  BN  content  Increased,  the  Young's  molulus  decreased. 

Two  sets  of  water-quench  thermal  shock  tests  were  used  to  charac¬ 
terize  the  thermal  shock  behavior  of  the  SiC-BN  composites.  The  re¬ 
sults  of  both  tests  showed  that  increasing  the  BN  content  Increased 
the  nmv<iniim  change  In  temperature  that  the  composites  could  withstand. 

The  Influence  of  BN  content  on  the  four-point  bend  strength  of  the 
composites  was  examined.  Fracture  surfaces  were  also  characterized  and 
possible  fracture  Initiation  sites  were  studied.  In  general,  over  the 
composition  range  of  0  to  27.2  vol.  %  BN  and  the  temperature  range  of 
22°  to  1500°C,  changes  In  the  BN  content  seemed  to  have  a  minimal  ef¬ 
fect  on  the  strength  of  the  SlC-BN  composites.  However,  the  fine¬ 
grained  0  vol.  %  BN-SIC  specimen  showed  a  dramatic  Increase  In  strength 
with  Increasing  temperature,  probably  caused  by  relaxation  of  residual 
stresses.  No  distinct  pattern  was  evident  for  the  changes  In  strength 
as  a  function  of  BN  content  at  a  constant  temperature  due  to  the  small 
ntmber  of  specimens  considered,  although  one  would  expect  the  strength 
to  decrease  with  Increasing  BN  content.  Fractures  were  primarily 
transgranular ,  although  the  cracks  tended  to  go  around  the  BN  plates. 
Fracture  Initiation  sites  were  difficult  to  determine  because  of  the 
rather  Indistinct  fracture  surfaces,  although  a  number  of  possible 
sites  were  observed.  These  sites  consisted  of  surface  flaws  and  micro- 
structural  Inhomogeneltles. 


Using  data  collected  for  the  SIC-BN  composites,  values  of  the 
thermal  stress  resistance  parameters  R,  R",  and  R'''  were  calculated. 
Increasing  the  BN  content  was  observed  to  increase  the  resistance  of 
the  composites  to  crack  initiation  (increase  R  and  R") ,  while  decreas¬ 
ing  the  resistance  to  crack  propagation  damage  (decrease  R''').  In 
general.  Increases  in  the  R  parameter  corresponded  to  increases  in  the 
maximum  temperature  difference  specimens  could  survive  during  quench¬ 
ing. 

Anisotropy,  which  was  studied  through  the  use  of  two  17.9  vol.  % 
BN  specimens  (that  were  machined  with  one  having  the  BN  plates  in  the 
test  bars  at  an  orientation  90°  different  from  those  in  the  other  spec 
Inen),  had  a  significant  effect  on  only  the  bend  strengths.  In  one 
case  the  strength  Increased  with  temperature,  while  in  the  other  case 
it  decreased.  Grain  size  was  also  found  to  influence  the  bend 
strengths.  Of  the  two  0  vol.  %  BN-SiC  specimens,  the  fine-grained 
specimen  was  found  to  have  very  high  strength  at  high  temperatures, 
while  the  coarse-grained  specimen  had  much  lower  strength.  Thus,  the 
fine-grained  specimen  had  low  values  of  R  and  R"  and  a  high  value  of 
R" ' ,  while  the  coarse-grained  specimen  had  higher  R  and  R”  values  and 


a  lower  R* ' ' 


value . 
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Appendix  A 


The  Thermal  Stress  Resistance  Parameter  R  and  the  Shape  Factor  S  for  a 
Hollow  Cylinder 

An  Example  of  Steady-State  Heat  Flow  (17).  The  maximum  tempera¬ 
ture  difference  (AT  )  across  the  wall  thickness  of  an  internally 

max.  ^ 

heated  hollow  cylinder  of  finite  length  was  derived  by  Kent  (37)  and 
applied  by  Coble  and  Kingery  (18): 


AT 

max. 
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where  the  geometric  term  in  square  brackets  is  S  and  R  is  given  by 

a._(l-v) 

R  =  — - -  (3 

aE 


Symbols:  AT  =  maximum  temperature  difference 

max . 

0^  =  tensile  strength 
V  =  Poisson's  ratio 

a  =  coefficient  of  thermal  expansion 
E  =  Young's  modulus  of  elasticity 
r^^  =  inside  radius  of  hollow  cylinder 
r_  =  outside  radius  of  hollow  cylinder 


To  develop  the  above  expression,  thermal  stress  measurements  were  made 
by  determining  the  steady-state  radial  temperature  gradient  across  the 


wall  of  a  hollow  cylinder  necessary  to  cause  fracture  (38 )  •  The  ther 
mal  stresses  in  the  thin-walled  cylinder  v;ere  then  analyzed  (39).  Th 
maximum  circumferential  tensile  stress  (at  the  ends  of  the  sample)  is 
given  by 


where  the  factor  [l+(/l-v  //T" expresses  the  fractional  increase 

of  stress  at  the  ends  where  free  expansion  may  occur.  The  maximum 
temperature  difference  at  fracture,  if  is  the  fracture  stress,  is 
given  by 


where  R  is  the  thermal  stress  resistance  parameter  [o.j,(l-v) /Eo]  and  S 
is  the  shape  factor.  Although  the  correction  factor  for  end  effects, 
l+(/l-v^  l/T  )-v,  may  not  be  exact  for  the  wall  thickness  used,  the 


relative  value  of  thermal  stress  resistance  calculated  (R)  will  not 
change  much. 


Appendix  B 


The  Thermal  Stress  Resistance  Parameter  R"  and  the  Shape  Factor  S"  for 
a  Flat  Plate 

An  Example  of  a  Prescribed  Rate  of  Change  of  Surface  Temperature 
illk  The  maximum  rate  of  change  of  surface  temperature  until  fracture 
for  a  flat  plate  as  derived  by  Buessum  (40): 
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max. 


aEb 


aE 


(15) 


where  the  geometric  term  In  square  brackets  Is  S"  and  R"  is  given  by 


R"  = 


a^(l-v)a 

aE 


(4) 


Symbols:  (T)  =  maximum  rate  of  change  of  temperature 

TQ^IX  4 

a.j,  =  tensile  strength 
V  =  Poisson's  ratio 
a  =  thermal  diffusivity 
a  =  coefficient  of  thermal  expansion 
E  =  Young's  modulus  of  elasticity 
b  =  thickness  of  flat  plate 
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The  Thermal  Stress  Resistance  Parameter  R''' 


and  the  Shape  Factor  S 


for  a  Spherical  Body 

An  Example  of  the  Total  Elastic  Encie,y  (W^)  Available  for  Crack 
Propagation  (17).  The  total  elastic  energy  (W^)  available  for  crack 
propagation  at  the  instant  of  fracture  initiation  for  a  uniformJy  heat¬ 
ed  spherical  body  with  parabolic  temperature  distribution,  as  derived 
by  Hasselman  ( 41) : 


Wo,  = 

T 


4Trb^a^(l-v) 

7E 


aj(l-v) 


4TTb' 


(16) 


where  the  geometric  term  in  square  brackets  is  the  x'eciprocal  of  S''' 
and  R' ' '  is  given  by 


R"’ 


E 


(5) 


Symbols:  =  total  elastic  energy 

b  =  radius  of  sphere 
=  tensile  strength 
V  =  Poisson's  ratio 
E  =  Young's  modulus  of  elasticity 

To  d  evelop  the  above  expression,  the  material  properties  which  govern 
the  elastic  energy  at  fracture  and  their  relationship  to  each  other  can 
be  established  by  considering  a  sphere  subjected  to  thermal  shock  by 
heating  (41,42).  At  the  time  of  maximum  stress,  the  temperature 


distribution,  to  a  good  approximation,  can  be  considered  to  be  parabol 
ic.  The  temperature  rise  In  a  sphere  with  arbitrary  initial  tempera¬ 
ture  subjected  to  a  constant  heat  flux  (43)  is  given  by 
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where  8^,  n=l,2,3...  are  the  roots  of  tanB  =  3,  r  is  distance  from  the 
sphere  center,  t  is  time,  is  the  initial  rate  of  heat  flux  at  T  = 
0**K,  b  is  the  sphere  radius,  k  is  the  thermal  conductivity,  and  a  is 
the  thermal  diffusivity.  The  non-dimensional  radial  and  tangential 
thermal  stresses  (44)  can  be  represented  by 


-  2  -V  /o  !l  Tr^dr 

D  r 


/J  tAi-T 


Using  the  expression  for  T(r,t)  (42) 


The  thermal  stresses  can  be  expressed  in  terms  of  tensile  strength  be¬ 
cause  at  fracture  the  maximum  thermal  stress  equals  the  tensile 
strength,  assuming  failure  by  tension.  Thus,  the  stresses,  for  t  ap¬ 
proaching  infinity  (45),  can  be  expressed  in  dimensional  form  as 


2aE  qb 

5(1-V)  k 


by  (42) 

2aE  qb 

„ - ,  (24 

^  5(l-v)  k 

the  radial  and  tangential  stress  at  fracture,  as  a  function  of  the  ten 
sile  strength  of  the  material,  can  be  expressed  by 


w— - - 
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(26) 


The  elastic  energy  content  of  the  sphere  W  is  (46) 


W  =  -  /q  [oV2ag-2v(2o^ag-HJQ)]4TTr^dr 


(27) 


2E 


Substituting  the  expressions  for  a  and  into  the  elastic  energy 

r  o 

equation,  the  total  elastic  energy  stored  at  fracture  is  round  to  be 
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47rb^aJ(l-v) 

7E 


(28) 


=  R’"S'" 


# 


vhere  R' ' '  is  the  thermal  stress  resistance  parameter  [a^(l-V)/E]  and 
S’"  is  the  shape  factor.  The  elastic  energy  stored  at  fracture  is, 
therefore,  proportional  to  the  sphere  volume  and  the  thermal  stress  re¬ 


sistance  parameter. 
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seemed  to  have  a  minimal  effect  on  the  strength  of  the  SIC -BN  compos¬ 
ites.  However,  a  fine-grained  0  vol.  %  BN-SIC  specimen  showed  a  drama¬ 
tic  Increase  in  strength  with  Increasing  temperature,  probably  caused 
by  relaxation  of  residual  stresses.  No  distinct  pattern  was  evident 
for  change  in  strength  as  a  function  of  BN  content  at  constant  tempera¬ 
ture,  probably  due  to  the  small  number  of  specimens  considered,  al¬ 
though  the  strength  is  expected  to  decrease  with  increasing  BN  content. 

Hater-quench  thermal  shock  tests  showed  that  Increasing  the  BN 
content  Increased  the  maximum  change  in  temperature  that  the  composites 
could  survive.  Increasing  the  BN  content  was  observed  to  increase  the 
resistance  of  the  composites  to  crack  initiation  (increase  R  and  R"), 
while  decreasing  the  resistance  to  crack  propagation  damage  (decrease 
R'").  Grain  size  and  anisotropy  effects  were  also  considered,  with 
both  influencing  the  bend  strength  and  thermal  stress  resistance  param¬ 
eters  to  some  extent. 


